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CHAPTER I 
 
INTRODUCTION 
 
The mesoderm is a primary germ layer that gives rise to connective tissue, 
muscle, bone, blood vessels, and mesothelium in the embryo. Particularly, the 
development of the intestinal mesoderm, in large part is understudied. Our 
laboratory is predominantly interested in the development of a mesodermal 
component, the mesothelium. A mesothelium is a simple squamous epithelial 
sheet of cells that lines all coelomic cavities and organs, providing a non-
adhesive surface for which organs can freely move within the body cavity. Both 
heart and intestinal mesothelia share conserved characteristics that include: 
initially both organs lack a mesothelium, then mesothelia cover the organs, and 
cells from the mesothelium undergo epithelial-to-mesenchymal (EMT) transition, 
and contribute cells to the vasculature of the organ (Dettman et al., 1998; 
Gittenberger-de Groot et al., 1998; Männer, 1999; Mikawa and Gourdie, 1996; 
Wilm et al., 2005). The purpose of this dissertation is to investigate the 
development of the mesoderm in a spatiotemporal context, and more specifically 
the origin and plasticity of mesothelial cells in the developing intestine. In this 
introduction, I will cover what is currently understood pertaining to intestinal 
mesoderm and mesothelial development.  
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Development of the Lateral Plate Mesoderm and Coelomic Cavities 
 
 Proper specification and differentiation of the lateral plate mesoderm 
(LPM) is required for the formation of the coelomic organs in the developing 
vertebrate embryo. During avian gastrulation, epiblast cells converge and ingress 
(migrating inward and then moving laterally) along the primitive streak to form the 
mesodermal layer just below the epiblast (future ectoderm) and above the 
hypoblast (future endoderm). Once gastrulation is complete, the mesodermal 
layer is specified as the chordamesoderm at the midline, and moving laterally 
from the midline: the paraxial or somitic mesoderm, the intermediate mesoderm, 
and the LPM (Figure 1.1 A). Studies have demonstrated that regulation of bone 
morphogenic protein (BMP) signaling is involved in specification of each region in 
the mesoderm (Funayama et al., 1999; Tonegawa et al., 1997; Tonegawa and 
Takahashi, 1998). At this stage, the avian embryo is flat and all three germ layers 
are extending and developing concurrently.  
 The LPM will eventually give rise to the body wall, coelomic cavities, and 
organs within the cavities. The LPM divides into two layers, the somatic 
mesoderm and the splanchnic mesoderm (Figure 1.1 A). The somatic mesoderm 
is located dorsally and associates with the ectoderm to form the somatopluere. 
The splanchnic mesoderm is ventral and unites with the endoderm, now referred 
to as the splanchnopleure (Figure 1.1 A, B). In the mouse, hepatocyte nuclear 
factor-2/forkhead homologue-8 (HFH-8/Foxf1) is involved in formation of 
mesodermally derived tissues, including the lung and intestine  
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Figure 1.1 Mesoderm organization leads to tubular organ development and 
coelom formation. A: Schematic of post-gastrulation events in an avian embryo. 
The embryo develops flat and all three germ layers are organized. Ectoderm (Ec) 
in blue, mesoderm in red, and endoderm (En) in yellow. The mesoderm contains 
four regions: chordamesoderm (nc), paraxial (S), intermediate (IM), and the 
lateral plate, the somatic and splanchnic mesoderm (SoM and SpM). At this time, 
the lateral plate mesoderm has split to form a coelomic cavity (CC) between the 
SoM and SpM. A thin endothelial plexus (EP) is located between the SpM and 
En. Endothelial cells are green. B: The SpM and En together form the 
splanchnopleure. The splanchnopleure fuses ventrally to form the primitive gut 
tube. The endocardial primordia (ECP) form ventral to the gut tube. C: In the 
most ventral region of the embryo, the heart tube forms. At this stage, the heart 
tube is comprised of myocardium (Myo), derived from the SpM, and endocardium 
(EC) formed via fusion of the ECP. Upon organ tube formation, the left and right 
coeloms (CC) merge to create one large cavity. Figures are transverse cross-
sections and are not drawn to scale. CC, coelomic cavity; DA, dorsal aorta; EC, 
endocardium; Ect, ectoderm; En, endoderm; EP, endothelial plexus; EPC, 
endocardial progenitors; IM, intermediate mesoderm; L, lumen; Myo, 
myocardium; N, notochord; NT, neural tube; OE, outer epithelium; S, somite; 
SoM, somatic mesoderm; SpM, splanchnic mesoderm.  
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(Peterson et al., 1997), specifically during vasculogenesis and development of 
extraembryonic membranes (Mahlapuu et al., 2000). Next, the LPM splits to 
generate an open cavity, known as a coelom, between the somatopluere and 
splanchnopleure. The epithelial histology of the mesodermal layers facing the 
lumen of the coelom reflects one another in an apical-apical manner (personal 
observations). The split of the LPM and formation of a coelom initiates the 
process of organogenesis in the embryo (Funayama et al., 1999).
 Organogenesis of the viscera begins essentially as the formation of a tube. 
This process is defined by the embryo folding ventrally toward its midline, which 
fuses and forms the primitive gut tube in the anterior region of the embryo (Figure 
1.1 B). The gut tube is composed of endoderm, splanchnic mesoderm, and a thin 
space between containing an endothelial plexus (Meier, 1980). Ventral to the gut 
tube is the forming primitive heart tube (Figure 1.1 C). The heart tube does not 
contain embryonic endoderm, but instead two endocardial primordia fuse to form 
the endocardium in the ventral-most region of the embryo. The heart tissue is 
now comprised of two layers, the endocardium and myocardium, and is attached 
to both the dorsal and ventral body wall. Eventually, the heart tube detaches from 
the ventral aspect. After the organ tubes have formed, the left and right 
somatopleure adhere at the midline, and the left and right coelomic cavities fuse 
to form the pericardial cavity (the space around the heart), pleural cavity (the 
space around the lungs), and the peritoneal cavity (the space around the gut) 
(Figure 1.1 C). The coelom provides a fluid filled cavity for organs, a space in 
which organs can separate from the body wall to become free-form entities, 
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which creates space for other organs to expand and develop (Funayama et al., 
1999). Coelom formation is intimately involved with LPM specification and 
separation, all fundamental to organogenesis. The next section will focus on the 
development of the small intestine.  
 
Intestinal Development 
 
All gastrointestinal organs are important for proper digestion and nutrition 
in an organism. This section focuses on the vertebrate midgut (small intestine) 
because it is conserved and similar in organization in most vertebrate species, 
including humans. Additionally, this section will describe morphogenesis of each 
intestinal layer, mesodermally- and endodermally-derived, all contributing to the 
final adult structure.  
 
Embryonic structure and function of the intestinal layers 
 Upon generation of the gut primordium, the splanchnic mesoderm and 
endoderm are lined by two basement membranes with a small almost acellular 
space between. Meier utilized ultrastructural resolution techniques, including 
transmission electron microscopy (TEM) and scanning electron microscopy 
(SEM), to describe as an endothelial plexus that exists between the mesoderm 
and endoderm in the early gut anlage (Meier, 1980). An endothelial plexus is 
situated within the middle layer known as the mesenchyme. These data 
demonstrate that the gut primordium consists of three layers. However, the 
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developmental program and dynamic morphological changes of the three layers 
are not well characterized at this time.  
 The outer layer of the intestinal primordium, the splanchnic mesoderm, 
has not been a prominent focus in the literature. However, some studies have 
investigated the relationship between the mesoderm and endoderm. Early in 
development, the splanchnic mesoderm has been referred to as the “signaling 
center” for establishing left-right (L-R) asymmetry in the vertebrate (Burn and Hill, 
2009; Green, 1967; Hecksher-Sørensen et al., 2004; Levin et al., 1995). These 
studies have shown that the splanchnic mesoderm signals to the endoderm on 
the left side of the body and is important for asymmetric positioning of the organs.  
The most outer component of the intestine is the mesothelium. An 
important study in the mouse embryo demonstrated that the intestinal 
mesothelium was initially absent from the gut tube. Antibody labeling for 
mesothelial markers were observed covering the dorsal mesentery at E10.5 and 
over the entire intestine at E11.5 (Wilm et al., 2005). These studies also revealed 
the ability of intestinal mesothelial cells to undergo EMT, migrate into the organ 
and contribute cells to the vasculature of the organs (Mikawa and Gourdie, 1996; 
Poelmann et al., 1993; Wilm et al., 2005). While reports regarding intestinal 
mesothelial development have provided more detail in recent years, gaps in the 
field remain. Specifically, how does the outer epithelium morphologically change 
before a mesothelium arises? Does the outer basement membrane play a role in 
the EMT process? Further information is needed to assess the full developmental 
program and potential of the splanchnic mesoderm and gut mesothelium. 
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 The mesenchymal layer of the gut tube is comprised of stromal cells 
(fibroblasts and myofibroblasts), muscle, endothelial, and nerve cells, along with 
connective tissue. Studies analyzing laminin, a component of basement 
membranes, investigated the formation of endoderm and mesenchyme through 
association with endodermal basement membrane dynamics (Lefebvre et al., 
1999; Simon-Assmann et al., 1998). These data were supportive in 
characterizing organization and signaling in the developing intestine relative to 
endodermal development. However, investigation of the outer basement 
membrane lining the splanchnic mesoderm is required to fully understand 
formation of the mesenchyme and mesothelium. 
Subjacent to the endoderm is the mesenchymally-derived lamina propria. 
This structure is well studied in the intestine in the context of the adult 
gastrointestinal tract. The lamina propria is composed of myofibroblasts and 
fibroblasts, bone marrow derived stromal stem cells, lymphocytes, smooth 
muscle, and blood vessels (Powell et al., 2011). Neural crest cells have been 
implicated in the formation of specialized myofibroblasts, called endoneural 
fibroblasts, and their composition of peripheral nerves (Joseph et al., 2004). It 
has also been suggested myofibroblasts and pericytes in the lamina propria may 
originate from gut mesothelium (Wilm et al., 2005). While much as been 
elucidated concerning the basic development of the lamina propria, the basic 
developmental timing and location of smooth muscle and vasculature have not 
been determined at this time. 
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In the adult, the mucosa is responsible for digestion and absorption of 
nutrients from luminal contents and barrier function, thus serving as the main 
focus of most gastrointestinal research. In the embryo, the mucosa is derived 
from the inner most layer of the small intestine, the endoderm. During intestinal 
development, the endoderm is initially organized as a pseudostratified layer, 
which undergoes remodeling and apical surface expansion to form a simple 
columnar epithelium (Grosse et al., 2011). The surface area expansion results in 
protruding tips and invaginations, known as the villi and crypts, respectively. 
During normal development, Hh signals emanate from the epithelium to signal 
the mesenchyme promoting expansion and elongation of the midgut tube 
(Bitgood and McMahon, 1995; Ramalho-Santos et al., 2000). Defects in Hh 
signaling can lead to aberrant myofibroblast localization, increased epithelial 
proliferation, reduced smooth muscle differentiation, defects in proper nutrient 
absorption, disruption in the muscularis mucosa and embryonic lethality (Kosinski 
et al., 2010; Madison et al., 2005; Mao et al., 2010; Zacharias et al., 2010). The 
signaling involved in endodermal-mesenchymal development has been well 
characterized, yet the field lacks a comprehensive study that compares and 
associates timing and formation of mesothelium and mesenchyme to the 
development of the villi.  
 
Endothelial Development 
The endothelial plexus is the vascular supply to the gut tube and develops 
early in the embryo. Preliminary ultrastructure studies in the chick embryo 
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proposed that a vascular plexus developed via recruitment of cells from the 
splanchnic mesoblast, situated between the endoderm and splanchnic 
mesoderm (Meier, 1980). Subsequently, chick-quail chimera transplant 
experiments revealed that endothelial cells developed via vasculogenesis in the 
splanchnopleure and angiogenesis in the somatopleure (Pardanaud et al., 1989). 
More recent studies employed transgenic quail embryos that express a nuclear 
fusion protein (H2B-eYFP) under control of the Tie1 promoter, to identify 
endothelial cells and study vessel formation and dynamics (Poynter and Lansford, 
2008). The avian model has excellent tools available to study vasculogenesis, all 
valuable to investigate the development of the endothelial plexus and major 
surface vessels of the intestine. 
 
Enteric Nervous System Development 
The enteric nervous system (ENS) is essential for coordination of gut 
movements including peristalsis, blood flow, and fluid exchange. In the intestinal 
field, the development of the ENS is amply described in the literature. Important 
studies in the 1970’s utilized the novel chick-quail chimera to demonstrate that 
the majority of cells comprising the ENS are derived from vagal neural crest cells 
(Le Douarin and Teillet, 1973). The enteric neural crest-derived cells (ENCCs) 
migrate in a rostral to caudal fashion throughout the entire gut before 
differentiating into neurons and glial cells (reviewed in (Gershon, 2010; Heanue 
and Pachnis, 2007). Intriguingly, the patterning of the ENS is intimately 
associated with the development of the endothelial plexus in the intestine. 
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ENCCs are patterned along previously established concentric rings of endothelial 
cells (plexus) in the intestine (Nagy et al., 2009). These studies also determined 
that endothelial cells promote proliferation of ENCCs. Current models of ENCC 
development have utilized transgenic mouse models to perform precise, live 
imaging of cellular dynamics of ENCC cells within the intestine (Corpening et al., 
2011). The development of the enteric nervous system is closely associated with 
other developmental processes in the gut, specifically muscle and vasculature 
formation, all of which warrant further investigation. 
 
Visceral Smooth Muscle Organization 
The muscularis externa is responsible for motility and movement, or 
peristalsis, of contents in the small intestinal tract. This muscle layer is comprised 
of the inner circular layer, which circumferentially extends around the intestine, 
and the external longitudinal layer, which runs length-wise through the intestine. 
In the embryo, early muscle cells are marked by α-smooth muscle actin and 
originate from early muscle progenitors in the loose mesenchyme (McLin et al., 
2009). Studies in the mouse have demonstrated that smooth muscle 
differentiation occurs in a cranial to caudal manner (McHugh, 1995). The 
development of visceral smooth muscle in the avian embryo was reported as 
early as E8.5, the circular layer developing before the longitudinal layer (Gabella, 
2002). Few studies have investigated earlier stages in the avian for the arrival of 
smooth muscle. Other than association with the ENS, there has been little 
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correlation of smooth muscle development with other morphogenic events during 
small intestine development. 
 
Gut Mesothelial Characteristics 
 
 The intestinal mesothelium is a simple squamous epithelium that covers 
all organs in the peritoneal cavity. Organs within this cavity include the foregut 
(stomach, pancreas, liver, lungs), midgut (small intestine), and hindgut (colon) 
(Zorn and Wells, 2009). Our group is most interested with the development and 
potential of the intestinal mesothelium.  
 
Development of the gut mesothelium 
Studies in the mouse have only begun to elucidate the development and 
cellular contribution of the mesothelium to the embryonic intestine. Initially, at 
E9.5, there was no histological evidence of a mesothelium covering the gut tube, 
as evidenced by antibody labeling with Wilms’ Tumor Protein 1 (Wt1) (Wilm et al., 
2005). By E11.5, a mesothelium covered the entire intestine via cytokeratin and 
Wt1 labeling (Figure 1.2 B). Based on the location of Wt1-positive cells, it was 
suggested that the gut mesothelium developed in a dorsal to ventral manner. 
Thus, Wilm and colleagues proposed that gut mesothelium derived from a 
migratory population of cells 
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Figure 1.2 Development of gut mesothelium in the mouse embryo. A: Cross-
section through the developing gut tube region. B: Antibody labeling for Wt1 
(green), a mesothelial marker, is absent from the gut tube at E9.5, but staining 
for Wt1 is present in the urogenital ridges. C: Wt1 labeling is evident over the 
dorsal mesentery (DM) at E10.5, but not the gut tube. D: At E12.5, mesothelium, 
as verified by Wt1 labeling, is evident over the entire gut tube and DM. BW, body 
wall; CC, coelomic cavity; DA, dorsal aorta; Ec, ectoderm; En, endoderm; N, 
notochord; NT, neural tube S, somite; UR, urogenital ridges. Adapted from (Wilm 
et al., 2005). 
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located at the junction of the splanchnic and somatic mesodermal regions (Wilm 
et al., 2005). These data were among the first to describe the arrival and location 
of gut mesothelial cells in the mouse, but they did not provide specific evidence 
of an origin for gut mesothelium. 
 Similar to the epicardium, mesothelial cells undergo EMT and contribute 
cells to the vasculature of the intestine. To investigate this process, mesothelium 
of the gut tube labeled with a vital dye and then cultured. Cells from the 
mesothelium underwent EMT and migrated into the submesothelial space (Wilm 
et al., 2005). Employing genetic lineage tracing in the mouse, Wilm et al. 
established that the majority of vascular smooth muscle cells and a small portion 
of the endothelial cells in the major vessels in the small intestine were derived 
from Wt1-positive cells, which originally marked the mesothelial cells (Wilm et al., 
2005). Subsequent studies observed similar results in the lung; mesothelial cells 
contributed smooth muscle cells to the vessels and mesenchyme (Que et al., 
2008). Together, these studies demonstrate the significance of mesothelial 
development and mesothelial cell contribution to blood vessels. Importantly, 
elucidating the origin of the gut mesothelium would be the first step in 
understanding the development and potential of this important tissue. 
 
Proepicardial and Epicardial Development 
 
Of all mesothelial populations in the body, the heart mesothelium, a major 
component of the epicardium, is the best characterized. Studies have focused on 
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the development, signaling, and migration of the epicardial precursors, 
proepicardial (PE) cells. This section introduces the PE and epicardium: the 
history of its discovery, developmental processes, important signaling cascades 
involved, and cell types contributed to the heart.  
 
History 
In the late nineteenth century, researchers proposed that the epicardium 
arose from the myocardium; this structure was coined the “epimyocardium” 
(reviewed in (Männer et al., 2001)). Subsequently in 1909, Kirkowitz was the first 
to observe naked myoblastic cells with no mesothelial cells, suggesting that the 
epicardium developed independently from the myocardium (reviewed in (Männer 
et al., 2001). It was not until the use of TEM that the structure of the epicardium 
was identified (Manasek, 1969). Periodic Schiff Staining (PAS) labeling of the 
cytoplasmic accumulation of glycogen was only observed in myocytes and not 
epicardial cells, providing evidence that myocytes were not dedifferenting into 
epicardial cells. This work overturned a position held for over a century that the 
epicardium was independent from the myocardium. These data initiated a series 
of reports that were important for epicardial and heart development but required 
further investigation. Using mostly avian and mouse models and a variety of 
novel techniques, researchers began to elucidate the structure of epicardial cells 
(Ho and Shimada, 1978; Shimada et al., 1981; Virágh and Challice, 1973) and 
the origin and migratory properties of the epicardium and its anlage the PE 
(Hiruma and Hirakow, 1989; Männer, 1992; Virágh and Challice, 1981). These 
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seminal papers identified the epicardium as the thin, but essential third layer of 
the heart. 
 
Structure and Function of PE cells 
 The PE is the ‘extracardiac’ population of progenitor cells that give rise to 
the mesothelium of the epicardium, which migrates over the heart as a sheet. 
The PE is described as a cluster of mesothelial cells with villus-like protrusions, 
analogous to a bunch of grapes (Figure 1.3 A, B). It initially develops bilaterally, 
on the sinus venosus, facing the dorsal aspect of the developing heart tube at 
Hamburger Hamilton (HH) stage 13-14 in the avian system (Männer, 1999; 
Poelmann et al., 1993), or over the septum transversum in the mouse at E9-9.5 
(Ho and Shimada, 1978; Komiyama et al., 1987; Virágh and Challice, 1981). In 
chick, the PE is positioned on the right horn of the sinus venosus, whereas the 
mouse PE first forms on both right and left horns and subsequently merges at the 
midline before making contact with the heart (Schulte et al., 2007). Components 
of the PE cells include proteoglycans at the apical, basal, and luminal surfaces, 
with patchy staining for fibronectin and laminin at the basal surfaces (Kálmán et 
al., 1995; Nahirney et al., 2003). Although the origin of the epicardial anlage is 
not completely defined, reports suggest that the PE arises from the mesoderm of 
the developing liver bud and/or the precardiac mesoderm (Ishii et al., 2007; 
Männer, 1992; van Wijk et al., 2009). At this time in development, the PE is 
independent from the developing heart tube. 
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Figure 1.3 Development of the heart mesothelium in the avian. A-B: 
Schematic of an avian embryo at HH14. The proepicardium (PE), a mesothelial 
progenitor cell population, is located dorsal to the heart tube (He). At this time, 
the PE is separate from the heart tube. C: The PE makes contact with the heart 
tube in the atrioventricular groove. D: PE cells spread in a radial fashion over the 
heart. The covering is now referred to as the epicardium (Epi). E: Inset from D. A 
cross-section through the heart covered with epicardium reveals cells undergoing 
epithelial-to-mesenchymal transition (denoted by *). Epicardial cells differentiate 
into specific cell types in the myocardium (Myo) and heart vasculature (BV). Cell 
contribution to the myocardium includes fibroblasts (yellow, F), pericytes (teal 
cells around BVs), smooth muscle cells (red cells in BVs), and endothelial cells 
(green cells in BVs). Epicardial-derived cells are outlined in orange. Figures not 
drawn to scale. BV, blood vessel; EC, endocardium; Epi, epicardium; F, 
fibroblast; H, head; He, heart tube; Myo, myocardium; PE, proepicardium; S, 
somites; SuEp, subepicardium.  
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Signaling factors in PE recruitment to the heart 
 Cellular signaling involved PE and epicardial development has been well 
described in the literature. Studies from the past few decades have focused on 
cell autonomous signaling programs and more recent data are shedding light on 
paracrine factors involved in PE development and recruitment to the myocardium 
(Ishii et al., 2010). Two transcription factors, Wt1 and T-box transcription factor 
18 (Tbx18) are strongly expressed in PE cells before and after contact with the 
heart (Carmona et al., 2001; Ishii et al., 2007; Kraus et al., 2001; Moore et al., 
1999). These markers are not exclusive to epicardium, or mesothelium, both 
transcription factors are also involved in urogenital and kidney development 
(Armstrong et al., 1993). Thus, there are not any mesothelial-specific markers 
available at this time. 
 Wt1 and Tbx18 also play important roles in PE and heart development. 
Multiple studies have shown that before PE cells are present, Tbx18 expression 
is prominent over the right horn of the sinus venosus and in PE cells prior to 
making contact with the myocardium (Ishii et al., 2010; Schlueter et al., 2006). In 
functional studies of Wt1, mutant embryos died before birth, due to heart defects, 
mainly the absence of an epicardium (Moore et al., 1999). Additionally, these 
authors observed defects in proper development of the myocardium. This 
suggested that cellular communication between the epicardium and myocardium 
is essential for proper myocardial formation. Thus, Tbx18 and Wt1 are required 
for formation of an epicardium and embryonic survival.  
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Epicardial cell contribution to the heart 
 Epicardial cells also serve as an important supplier for other cell types in 
the heart. Once the epicardium migrates over the myocardium, cells begin to 
delaminate from the sheet and undergo EMT (Figure 1.3 E). This process results 
in cells migrating into the subepicardial space, then subsequently the 
myocardium. Studies throughout the years have shown that epicardial-derived 
cells (EPDCs) give rise to cells in coronary arteries including vascular smooth 
muscle cells, endothelial cells, and pericytes; heart fibroblasts or stromal cells; 
and some reports suggest they contribute cardiomyocytes (Cai et al., 2008; 
Dettman et al., 1998; Gittenberger-de Groot et al., 1998; Männer, 1999; Mikawa 
and Gourdie, 1996; Vrancken Peeters et al., 1999; Wessels and Pérez-Pomares, 
2004; Zhou et al., 2008). Clarifying EPDC contribution to the heart has been the 
main emphasis in the field, especially in recent years, yet there is much that 
remains to be resolved. 
To begin elucidating cell signaling, heart researchers studied the factors 
involved in initiation of the EMT process and specification of EPDCs. A major 
obstacle in deciphering the EMT process has been attempting to determine 
reciprocal signaling cascades between epicardium and myocardium. An 
important paracrine factor signaling to the epicardium from the myocardium is 
Transforming Growth Factor β (TGFβ). TGFβ is commonly associated with EMT 
processes in development and disease (Hay, 2005; Levayer and Lecuit, 2008; 
Shook and Keller, 2003). In the heart, TGFβ was originally shown to act as an 
antagonist, inhibiting EMT in cultured cells (Morabito et al., 2001). Later studies 
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demonstrated that TGFβ stimulates EMT in EPDCs (Compton et al., 2006; Cross 
et al., 2011; Olivey et al., 2006; Sanchez and Barnett, 2012; Sridurongrit et al., 
2008). While most of these studies were conducted in culture using primary PE 
explants, primary epicardial cells, or immortalized epicardial cells lines from adult 
animals, few studies have been conducted in vivo. Other reports have revealed a 
role for Wt1 signaling in EMT via binding with Snail1, and downregulating E-
cadherin expression, thus inducing cells to delaminate from the epicardial sheet 
(Martínez-Estrada et al., 2010). These studies have demonstrated that cells from 
the epicardium must undergo EMT or the heart will not mature and the embryo is 
not viable (Kwee et al., 1995; Moore et al., 1999; Smith et al., 2011; Yang et al., 
1995).  Strides have been made to elucidate the signaling factors involved in 
EMT, but there is much to be uncovered in how these factors and molecules 
work together or independently in development. 
 EPDCs that have undergone EMT and migrated into the subepicardium or 
myocardium of the heart possess potential to differentiate into one of several cell 
types in the heart. The signals involved in this process are not completely 
understood at this time. Early studies utilized infection with a replication-
incompetent retrovirus encoding β-galactosidase in PE and epicardial cells to 
determine that vascular smooth muscle cells, pericytes and endothelial cells of 
the coronaries all originated from EPDCs (Mikawa et al., 1992; Mikawa and 
Gourdie, 1996). Cardiac fibroblasts are also derived from EPDCs, although it 
should be noted that these cells comprise a heterogeneous population of cells 
(reviewed in (Pérez-Pomares and de la Pompa, 2011). Recent reports identified 
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candidate genes and signaling pathways involved in EPDC contribution to the 
heart. A study demonstrated that the levels of retinoic acid (RA) and VEGF 
signaling served as control mechanisms in differentiation of coronary smooth 
muscle cells after the formation of endothelial tubes (Azambuja et al., 2010). 
While these studies provide useful information regarding EPDC potential, it 
remains unclear whether EPDCs can differentiate into other, unidentified cell 
types, and how the signaling cascades work in concert to mediate these events.  
 The PE and epicardium are essential components necessary for heart 
development and function. Great strides have been made in the past 60 years 
that has expanded the field to vast proportions. This system is unique in that the 
PE develops independently from the heart, makes contact with the heart, covers 
the heart, and provides not only protection, but also cells that contribute to the 
vasculature and the stroma. The features of heart mesothelial development 
influenced the investigation of other coelomic mesothelial cell populations to 
determine if a similar processes occur in all organs.  
 
Potential of Adult Mesothelial Cell Populations 
 
 A unique feature of embryonic mesothelium is that once it forms, it is 
sustained throughout adulthood. The dogma of the field rested on the fact that 
normal adult mesothelial cells are not renewable. However, due to the embryonic 
properties of mesothelial cells—cells undergo EMT and differentiate into 
numerous cell types—researchers began considering reprogramming of adult 
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mesothelial cells in potential repair models. To this end, elucidating the 
developmental processes of mesothelia may result in a better understanding of 
when processes go awry in adult mesothelial populations. This section provides 
a brief overview of disease and disorder in the adult mesothelium and current 
models of adult mesothelial regeneration and repair.  
 
Epicardium in Disease, Regeneration, and Repair 
 In the United States, the Center for Disease Control reported that heart 
disease has consistently been a top five cause of mortality in a study assessing 
human health from 1935-2010 (Hoyert, 2012). A major complication in heart 
health is myocardial infarction (MI), or heart attack, commonly associated with an 
obstruction within coronary arteries. Since epicardium is the embryonic source of 
cells that comprise the coronaries, researchers have been hopeful that these 
cells hold the key for therapeutic treatments of MI. Amphibians and teleosts have 
served as excellent models because of their ability regenerate heart tissue 
(Bader and Oberpriller, 1978; Poss et al., 2002). In the adult fish, activation of 
raldh2 and Tbx18 was observed upon ablation of the cardiac apex, both genes 
normally downregulated in the adult, resulting in development of a new epicardial 
layer (Lepilina et al., 2006). Studies of heart regeneration in mammals have 
provided insight into changes in paracrine signaling involved between epicardial 
and myocardial tissues upon injury (reviewed in (Von Gise and Pu, 2012)). 
Promising experiments have involved thymosin β4 Tβ4 “priming” of epicardial 
cells prior to injury resulting in cardiomyocytes differentiation upon MI (Smart et 
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al., 2011). While important contributions have been made in developing a better 
understanding for epicardial regeneration, much remains to be seen in terms of 
MI repair in the adult. It is clear that understanding the developmental structure, 
signaling, and potential of the PE and epicardium will contribute to advances in 
therapeutics for heart disease.  
 
Gut Mesothelium in Disease and Regeneration 
 In adults, the mesothelium of the gut (also called the serosa), is important 
for organ function, providing a lubricated surface for organ locomotion, protection, 
and transport of required fluids from cavity to organ (Mutsaers, 2004). However, 
in some cases, developmental disorders and injury to the mesothelium can result 
in major medical complications. Developmentally, intestinal atresia is associated 
with the lack of blood flow causing occlusion or complete absence of regions of 
the intestine (Guzman et al., 2011; Louw and Barnard, 1955). In a rare but 
severe case of atresia, called apple peel bowel syndrome, the superior 
mesenteric artery does not supply blood to the intestine causing the tissue to 
twist around its only blood supply, the ileocolic artery, and absence of a dorsal 
mesentery (Festen et al., 2002). There has been speculation that this disorder 
could be linked to defects in embryonic mesothelium, specifically in its ability to 
undergo EMT and contribute to the vasculature (Wilm et al., 2005).  
More commonly, the adult mesothelium is subject to injury. Peritoneal 
dialysis (PD), adhesion formation as a complication of surgery, and 
mesothelioma are maladies of mesothelium. PD is frequently implemented 
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among patients with end-stage renal failure, utilizing the abdominal cavity as a 
natural filter for blood. Complications arise with PD when patients develop 
peritonitis, or inflammation and fibrosis of the peritoneum, rendering the 
treatment ineffective and causing extreme pain and infection (reviewed in (Yung 
and Chan, 2012). In vitro studies have demonstrated that activation of the TGFβ 
pathway initiates and accounts for peritoneal fibrosis in PD treatment (Liu et al., 
2008). Mesothelial cells are also implicated in the formation of peritoneal 
adhesions, commonly observed after injury to the mesothelium in the abdominal 
and pelvic regions. The etiology of adhesions are not completely understood, but 
studies have shown that upon inflammation or ischemia, the mesothelial cells 
release factors that cause fibrin build-up and adhesion of the serosa to the body 
wall (Brochhausen et al., 2011). Finally, cancer of the mesothelium, or 
mesothelioma, is linked to DNA damage in normal mesothelial cells (Izzi et al., 
2012). Overall, the activation of signals, immune responses, and physical injuries 
account for most of these changes in the peritoneal mesothelium. Currently, 
relationships between gut mesothelial development and adult disorders are not 
well defined. Thus, if embryonic origins, functions, and mechanisms of gut 
mesothelial development are elucidated, associations may be drawn between 
embryo and adult, leading to useful therapeutics. 
Adult mammalian mesothelial cells display plastic properties in culture 
(Cross et al., 2011; Kawaguchi et al., 2007; Yung et al., 2006). These properties 
have influenced studies that employ mesothelial cells in repair. Interestingly, the 
omentum, which is composed of two mesothelial sheets ensheathing adipose 
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tissue, has been utilized in surgeries for centuries called “omental transposition” 
to repair injured sites in the body (Cannaday, 1948; Shah et al., 2012). The 
transplanted omentum revascularizes the injured area and provides pluripotent 
cells, but the mechanisms are not well understood. In a mouse model, 
transplanted grafts treated with Tβ4 migrated to an injured carotid artery site and 
differentiated into vascular smooth muscle cells, essentially repairing the artery 
(Shelton et al., 2012). Currently, most studies focus on the potential of adult 
intestinal mesothelial cells, and few studies have investigated cell differentiation 
in the embryo. Understanding an embryonic potential may lead to a better 
understanding the mechanisms involved in adult repair.  
 
Summary of Dissertation and Aims 
Mesothelia are mesodermally derived, simple squamous epithelial cells 
that line all body cavities and the organs contained within these cavities. In the 
heart, the mesothelium arises from an external population of progenitor cells 
called the PE, which makes contact and migrates over the heart, forming the 
epicardium. In contrast, the origin of gut mesothelial cells is currently unknown. A 
study in the murine model demonstrated that gut mesothelial cells developed 
over intestine in a dorsal to ventral manner, suggesting migratory properties of 
gut mesothelia. Thus, we hypothesized that there would be an exogenous 
population of “PE-like” cells in the peritoneal cavity that give rise to the gut 
mesothelium, similar to the heart. 
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 Collectively, it appears that similarities exist between the heart and gut 
mesothelial populations after they have covered their respective organs. Initially, 
both heart and gut tubes lack mesothelial cells. Once the organs are covered 
with a mesothelium, some cells undergo EMT and migrate into the myocardium 
of the heart and mesenchyme layer of the gut. Finally, both mesothelial 
populations contribute vascular cells to the major surface vessels over the 
organs. I hypothesized that the heart and gut mesothelium possess plastic 
properties and are capable of integrating into any coelomic organ. All studies 
presented in this dissertation were conducted in the avian embryo. I approached 
my hypotheses with the following specific aims: 
Aim 1. Determine the timeline of gut mesodermal development 
 Using immunohistochemistry, transgenic quail embryos, and 
morphometric analysis, three intestinal compartments were identified and 
described in detail. Antibody labeling of the basement membranes revealed 
morphological changes in the outer epithelium before a mesothelium was 
identified at E6. Analysis of Tg(tie1:H2B-eYPF) embryonic revealed the timing of 
vascular organization within the mesenchymal space and the formation of major 
surface blood vessels over the gut. Finally, morphometric analysis provided 
insight into changes in the mesenchymal space. These data are described in 
Chapter II. 
Aim 2. Identify the origin of the gut mesothelium 
 The progenitor population of the gut mesothelium was investigated 
utilizing direct lineage tracing techniques and an application of the chick-quail 
	   27	  
chimera system. First, two direct-labeling techniques were employed to 
determine if mesothelial cells derived from the splanchnic mesoderm. Next, quail 
splanchnopleure transplanted into chick host revealed novel generation of a 
separate gut tube that developed an endogenous mesothelium. These three 
methods clearly demonstrated that the gut mesothelium originates from cells 
resident to the splanchnic mesoderm and not from an extrinsic source. These 
data are presented in Chapter III. 
Aim 3. Investigate an interchangeable potential between heart and gut 
mesothelial populations 
 The potential of heart and gut mesothelial cells were further elucidated using in 
vitro and in vivo techniques. First, isolates from PE, epicardial, and gut 
mesothelium were analyzed using immunohistochemistry, RT-PCR, and cell 
culture. These methods provided data pertaining to cell types within the isolates 
at time zero (starting products) and revealed the potential for mesothelia to 
differentiate in culture. Next, quail PE and heart mesothelia were surgically 
placed into the peritoneal cavity of a chick host, and gut mesothelium was placed 
into the peritoneal cavity. Embryos were analyzed using markers specific to quail 
cells to identify the location of mesothelial tissues in their analogous cavities. 
Intestinal mesothelial cells exhibited plastic properties, whereas PE and 
epicardial cells did not share this potential. The results of these experiments are 
discussed in Chapter IV.  
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CHAPTER II 
 
 
COMPREHENSIVE TIMELINE OF MESODERMAL DEVELOPMENT IN THE 
QUAIL SMALL INTESTINE 
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under the same title by the following authors: 
Rebecca T. Thomason, David M. Bader, Nichelle I. Winters 
 
Abstract 
 
Background: To generate the mature intestine, splanchnic mesoderm 
diversifies into six different tissue layers each with multiple cell types through 
concurrent and complex morphogenetic events. Hindering the progress of 
research in the field is the lack of a detailed description of the fundamental 
morphological changes that constitute development of the intestinal mesoderm. 
Results: We utilized immunofluorescence and morphometric analyses of wild 
type and Tg(tie1:H2B-eYFP) quail embryos to establish a comprehensive 
timeline of mesodermal development in the avian intestine. The following 
landmark features were analyzed from appearance of the intestinal primordium 
through generation of the definitive structure: radial compartment formation, 
basement membrane dynamics, mesothelial differentiation, mesenchymal 
expansion and growth patterns, smooth muscle differentiation, and maturation of 
the vasculature. In this way, structural relationships between mesodermal 
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components were identified over time. Conclusions: This integrated analysis 
presents a roadmap for investigators and clinicians to evaluate diverse 
experimental data obtained at individual stages of intestinal development within 
the longitudinal context of intestinal morphogenesis. 
 
Introduction 
 
Intestinal disorders affect a large number of individuals in both pediatric 
and adult settings. Many of these conditions including intestinal atresia, motility 
disorders, Hirschprung’s disease, and gastrointestinal stromal tumors (GIST) 
have multiple and incompletely understood etiologies (Appelman, 2011; Guzman 
et al., 2011; Heanue and Pachnis, 2007; Hirota et al., 1998; Louw and Barnard, 
1955; Mazur and Clark, 1983; Newgreen and Young, 2002; Sanders, 1996; 
Streutker et al., 2007). One of the difficulties in deciphering the mechanisms 
underlying these diseases is the lack of information available on the development 
of a major component of the gut tube—the intestinal mesoderm. Understanding 
development of the mesoderm is essential for a complete picture of the 
mechanisms leading to congenital as well as adult intestinal disorders.  
A description of the structure of the adult intestine reveals the complexity 
of the mesodermal tissues generated in the embryo. The innermost layer, the 
mucosal epithelium, is comprised primarily of columnar epithelial cells resting on 
a basement membrane. Supporting the mucosal epithelium is a mesenchymal 
core called the lamina propria, which is composed of a capillary plexus, lymphatic 
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vessels, nerves, myofibroblasts and fibroblasts. The lamina propria and mucosal 
epithelium are arranged into fingerlike projections, called villi, protruding into the 
lumen of the intestine. External to the mucosal epithelium, minor variations in 
structure are observed between the avian and mammalian intestine. The adult 
chick intestine lacks a submucosal connective tissue layer and muscularis 
mucosa. Instead, there are four concentric visceral smooth muscle cell layers 
that begin just subjacent to the lamina propria and are positioned outwardly in the 
following order: inner longitudinal, inner circular, outer circular and outer 
longitudinal (Gabella, 1985; Yamamoto, 1996). The inner longitudinal muscle 
layer of the avian is analogous to the mammalian muscularis mucosa. The 
circular muscle layer of mammals including mice and humans can also be 
divided into two layers due to structural differences though is often referred to 
singularly (Eddinger, 2009).  Thus, the most significant variation between the 
mammalian and avian intestine is the presence or absence of a submucosal 
connective tissue layer. The large blood vessels of the chick intestine reside 
within or just deep to the thin outer longitudinal visceral smooth muscle cell layer 
and extend circumferentially. Vascular branches dive deep into the intestinal 
layers to eventually supply the endothelial plexus of the villi (Jacobson and Noer, 
1952). The enteric neuronal network is divided into two main regions: the first 
adjacent to the large blood vessels described above that reside near the surface 
and the second between the inner circular and inner longitudinal smooth muscle 
layers (Gabella, 1985). Finally, at the coelomic surface is a serosal membrane 
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composed of a flat sheet of epithelial cells called mesothelium with an underlying 
basement membrane and thin connective tissue layer (Figure 2.1).  
On first examination, the embryonic intestinal primordium offers only hints 
of its eventual elaborate structure.  After gastrulation in the avian embryo, the 
lateral plate mesoderm splits into splanchnic and somatic mesoderm bilaterally 
generating a right and left coelomic cavity between the two layers. The 
splanchnic mesoderm, underlying endoderm, and an intervening endothelial 
plexus compose the intestinal anlage and are initially organized as a flat sheet 
(Figure 2.1 A, (Meier, 1980; Pardanaud et al., 1989)). This anlage folds laterally 
and from the anterior and posterior ends to meet at the ventral midline giving rise 
to a tube and uniting the right and left lateral cavities into a common coelom 
(Figure 2.1 B, (Wells and Melton, 1999; Zorn and Wells, 2009)). The epithelial 
endoderm gives rise to the mucosa that lines the villi and intestinal crypts 
(Coulombre and Coulombre, 1958; Dauça et al., 2007; Grosse et al., 2011; 
Madison et al., 2005; Mitjans et al., 1997; Spence et al., 2011). The splanchnic 
mesoderm diversifies to generate the connective tissue, vasculature, smooth 
muscle and serosal layers (Drake et al., 1997; Hashimoto et al., 1999; Kim et al., 
2007; McHugh, 1995; Milgrom-Hoffman et al., 2011; Powell et al., 2011; Wilm et 
al., 2005; Winters et al., 2012). Migratory neural crest cells invade to form the 
enteric nervous system and the vascular system organizes from incompletely 
identified progenitors (Burns et al., 2009; Nagy et al., 2009; Young et al., 2004; 
Young and Newgreen, 2001). Throughout these processes, the intestine must 
undergo a dramatic increase in length and diameter herniating outside of the  
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Figure 2.1 Schematic depicting the intestinal primordium, primitive 
intestinal tube and adult intestine. A: Transverse section through an 
embryonic day (E) 2.1 quail embryo equivalent to Hamburger and Hamilton (HH) 
stage 14. At this stage, the intestinal primordium is open and comprised of the 
splanchnic mesoderm (red; SpM), endoderm (yellow; En) and an intervening 
endothelial plexus (green; EP). B: At E6, the intestine is completely closed and 
composed of a mesothelium (orange; Mes), a two layered endothelial plexus 
(green; EP), a visceral smooth muscle layer (red; viSM), and endoderm (yellow; 
En). C: In the adult intestine, villi are lined with a mucosal epithelium (yellow; Mu) 
and contain a lamina propria (LP) composed of capillaries, a lymphatic lacteal, 
and connective tissue. A four-layered muscularis externa (ME) surrounds the 
lamina propria. A serosal membrane (Se) lines the coelomic surface.  
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body cavity to accommodate its tremendous growth (Savin et al., 2011). Thus, 
cells of all three germ layers must coordinate invasion, migration, differentiation, 
growth, and tissue morphogenesis to generate the mature intestinal structure.  
Despite comprising the majority of the adult intestine, development of the 
mesoderm is poorly described relative to the more extensively studied 
endodermal and neuronal components. Within the mesoderm, multiple cellular 
types and tissue layers develop in concert. Most studies are focused on the 
differentiation of a specific cell type during a narrow developmental window. 
Furthermore, studies utilize a variety of model organisms. Thus, assembling the 
available data distributed within the literature into a basic timeline of the major 
morphological changes that occur during intestinal development is extremely 
difficult. Knowledge of the temporal and spatial relationships of developmental 
events in the intestine is essential to design experiments and interpret data. 
We sought to establish a comprehensive timeline of the major events in 
intestinal mesoderm development from the first appearance of the intestinal 
anlage to formation of the definitive structure in a single species. Quail embryos 
were selected due to their availability in large quantities, emerging transgenic 
models, and the ability to easily time their development with precision (Huss et al., 
2008). Additionally, small intestine development has not been described in the 
quail (Coulombre and Coulombre, 1958; Gabella, 1985; Grey, 1972; Hashimoto 
et al., 1999; Hiramatsu and Yasugi, 2004; Kim et al., 2007; Mao et al., 2010; 
Yamamoto, 1996). Importantly, the major structural features of the avian intestine, 
with the above noted variations, correspond with the mammalian intestine and 
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thus the information obtained from studies of the avian embryo is widely 
applicable. We describe landmark features of intestinal mesoderm formation 
throughout embryogenesis that if analyzed at any single stage, provide an 
inclusive snapshot of the status of mesodermal development. Furthermore, 
through this integrated approach, we identified pivotal developmental time points 
at which key processes occur simultaneously. These data provide the field with 
the fundamental developmental and morphological guideposts in intestinal 
mesoderm development upon which variation in organogenesis caused by 
genetic, experimental and surgical intervention can be compared and further 
analyzed.     
 
Materials and Methods 
 
Embryos 
Quail embryos (Coturnix coturnix japonicia) were obtained from Ozark Egg 
Farm (Stover, Missouri). Tg(tie1:H2B-eYFP) quail embryos were a generous gift 
from Dr. Rusty Lansford (Caltech, Pasadena, CA). All eggs were incubated at 
37°C in humidity and staged according to the Japanese quail and the Hamburger 
Hamilton staging chart (Ainsworth et al., 2010; Hamburger and Hamilton, 1992). 
Adult intestines were isolated from mature four-month-old wild type quail.  
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Immunofluorescence 
All embryos and tissue were fixed in 4% formaldehyde (Sigma F1635) in 
PBS (pH 7.4) at room temperature or 4°C depending on tissue size. The samples 
were washed with PBS (pH 7.4), cryoprotected in 30% sucrose, embedded in 
OCT (TissueTek 4583) and transversely sectioned (unless otherwise noted) at 
5µm. Sections were rehydrated, washed with PBS, and permeabilized with 0.2% 
Triton-X 100 (Sigma T9284) in PBS for ten minutes, washed with PBS, and 
blocked in 10% goat serum (Invitrogen 16210-072) + 1% BSA (Sigma A2153) in 
PBS. Samples were then treated with primary antibodies (see below) overnight at 
4°C. Slides were then washed with PBS and incubated with secondary 
antibodies (see below) for 60 min. at room temperature. Slides were washed and 
mounted with ProLong Gold mounting agent (Invitrogen P36930).  
 
Antibodies 
Primary antibodies: laminin (Abcam ab11575; 1:200), cytokeratin (Abcam 
ab9377; 1:200), laminin (DSHB, 3H11 and 31 or 31-1; 1:25 (each)), anti-GFP 
(Invitrogen, A11122; 1:200), anti-αSMA Clone 1A4 (Sigma A2547; 1:200), αSMA 
(Abcam ab5694; 1:200), γSMA (MP Biomedicals 69133; 1:600). Secondaries: 
Alexa 488 and 568 (Invitrogen A11001, A11004; 1:500), TOPRO-3 (Invitrogen 
T3605; 1:1000), DAPI (Invitrogen D3571; 1:10,000). 
 
 
 
	   45 
Microscopy 
Immunofluorescence was imaged using an Olympus Fluo-View1000 
confocal microscope (Vanderbilt CISR Core). Images were taken in Z-stack 
format and analyzed using FV-1000, Metamorph and Photoshop software. 
Images in Figure 7 A-B were taken in Z-stack format on a Zeiss LSM 510 
confocal microscope and analyzed in the LSM software. Brightness and contrast 
of all images were adjusted for visual representation in Photoshop.  
 
Morphometric Analysis  
Small intestine sections were stained with laminin antibody and imaged on 
an EVOS microscope (Joe Roland, Goldenring Lab, Vanderbilt). ImageJ software 
was used to measure the distance between the outer and endodermal basement 
membranes of intestines aged E1.9 through E6 (eight to twenty samples 
analyzed at each stage). The distances were averaged and the standard 
deviation and standard error of the mean were calculated in Excel. To determine 
the area of the mesenchymal space, six to ten samples were analyzed for each 
intestinal region (posterior, middle posterior, middle anterior, anterior) of each 
intestinal stage including: E8, E10, E12, E14, E16. Metamorph software 
(Vanderbilt CISR) was utilized to specify the mesenchymal region (area between 
outer and endodermal basement membranes). Average, standard deviation, and 
standard error of mean were calculated in Excel. To determine the total length of 
the intestines, samples were dissected from quail embryos and the mesentery 
and vessels completely removed. Four to ten samples were measured for each 
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stage including E6, E8, E10, E12, E14, E16. Averages, standard deviation, and 
standard error of mean were calculated in Excel. 
 
Results 
 
Establishment and maturation of the major intestinal compartments 
 As described above, the adult avian intestine has seven concentric tissue 
layers, six of which are derived from the splanchnic mesoderm. However, there 
are only two continuous basement membranes within the intestine (one below 
the mucosal epithelium and the other subjacent to the outer serosal 
mesothelium) that divide the seven layers into three compartments: the mucosa, 
the middle connective and muscular tissue (largest component), and the outer 
serosa (Lefebvre et al., 1999; Simon-Assmann et al., 1995). The intestinal 
primordium, similar to the adult structure, is divided by two basement membranes 
(black lines) into three compartments: endoderm (En), 
mesenchyme/mesenchymal space, and mesoderm/outer epithelium (SpM) 
(Figure 2.1 A). While subsequent morphogenetic events will greatly increase the 
complexity of cell and tissue relationships, the arrangement of these basement 
membranes represent one of the few histological similarities between the 
embryonic and adult intestine (Figure 2.1).  
 To determine whether this basic structural relationship is maintained 
throughout development into adult life, we examined laminin staining throughout 
development. Laminin is an integral component of basement membranes. At 
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embryonic day 1.9 (E1.9, equivalent to HH12) in the quail embryo, two basement 
membranes with solid, uninterrupted laminin staining were identified below the 
endoderm and the splanchnic mesoderm, respectively (Figure 2.2 A-B, 
arrowheads). The basement membranes were distinctly separated along the 
majority of the medial-lateral axis though they did appear to contact one another 
at discrete points (Figure 2.2 B, arrows). The mesenchymal space was very 
narrow and sparsely populated with cells (Figure 2.2 B, asterisk). At E2.1 (HH14), 
laminin staining of the outer basement membrane appeared slightly fragmented 
(white arrowheads) and in limited, sporadic regions, the mesenchymal space 
contained a single layer of cells (Figure 2.2 C-D, asterisks). At E2.2 (HH16) and 
E3 (HH18), the basement membrane underlying the outer epithelium was well 
dispersed evidenced by discontinuous laminin staining (Figure 2.2 E-F, white 
arrowheads; data not shown). There were also multiple cell layers within the 
mesenchyme (Figure 2.2 F, asterisks). At E3.5 (HH21), the anterior and posterior 
portions of the intestine had folded into a tube while the middle portion remained 
open ventrally. In both the open and closed regions, the outer epithelial 
basement membrane had returned to an unbroken configuration (arrowheads) 
without the large gaps observed in earlier stages (Figure 2.2 G-J). Though 
continuous, the outer basement membrane was still rough in appearance 
suggesting E3.5 was a transition point to the smooth, unbroken basement 
membrane observed at E4 (compare Figure 2.2 G-J to Figure 2.4 E-F).   
 Between E5 and E6 the gut tube completed ventral closure. At E5 (HH27), 
the outer epithelial basement membrane was again dispersed (Figure 2.3 A-B,  
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Figure 2.2 Early basement membrane dynamics in generation of the 
mesenchymal compartment. Schematics in left column depict quail embryos at 
the stage isolated and the red line denotes the plane of section. A-B: At E1.9, 
continuous basement membranes (arrowheads) lined the splanchnic mesoderm 
and endoderm with multiple apparent points of contact (arrows). Asterisk denotes 
a rare mesenchymal cell. C-D: The outer basement membrane (white 
arrowheads) began to break down at E2.1 and mesenchymal cells were more 
common (asterisks). The endodermal basement membrane (yellow arrowhead) 
remained solid. E-F: At E2.2, there were multiple mesenchymal cell layers 
(asterisks) and the outer basement membrane was dispersed (white arrowheads). 
Yellow arrowhead denotes the endodermal basement membrane. G-J: At E3.5, 
both the outer epithelial (white arrowhead) and endodermal (yellow arrowhead) 
basement membranes were continuous in the open and closed intestinal regions. 
Scale bars: 50µm (A, C, E, G, I) and 10µm (B, D, F, H, J). Ec, ectoderm; En, 
endoderm; FL, forelimb; H, head; Hrt, heart; HL, hindlimb; L, lumen; LC, lateral 
cavity; LPM, lateral plate mesoderm; M, mesenchyme; nc, notochord; NT, neural 
tube; OE, outer epithelium; S, somites; SoM, somatic mesoderm; SpM, 
splanchnic mesoderm.
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white arrowhead) but quickly returned to a continuous configuration by E6 
(HH29) (Figure 2.3 C-D, white arrowhead). Once solidified at E6, no further 
changes in the outer epithelial basement membrane were observed through E16. 
However, the mesenchymal layer underwent dynamic changes over these stages 
including contributing to villus formation at E10 (Figure 2.3 E-F) and 
mesenchymal compaction and differentiation (Figure 2.3 G-H). Additionally at 
E16, laminin staining in the endodermal basement membrane appeared diffuse 
(Figure 2.3 G-H, yellow arrowhead). Thus, though the outer basement membrane 
oscillates between discontinuous and continuous states, both basement 
membranes observed in the intestinal primordium were readily identified 
throughout development defining the three basic tissue compartments of the 
intestine. 
 
Development of the outer epithelium 
In the adult, the outer epithelium is a simple squamous cell layer, termed 
mesothelium, that is important for protection of coelomic organs and providing a 
non-adhesive surface for movement (Mutsaers, 2002; Mutsaers, 2004; Yung and 
Chan, 2007). We next sought to determine if the periodic dissociation of the outer 
basement membrane was correlated with differentiation of the outer epithelium 
into mesothelium. In the embryo and adult, the mesothelium expresses the 
intermediate filament protein cytokeratin and resides upon a continuous, laminin-
enriched basement membrane. A recent lineage tracing study from our 
laboratory demonstrated that cells within the splanchnic mesoderm of the  
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Figure 2.3 Basement membrane dynamics throughout gut tube closure and 
mesenchymal differentiation. Schematics in left column depict quail embryos 
at the stage isolated and the red line denotes the plane of section. A-B: At E5, 
the outer epithelial basement membrane appeared dispersed (white arrowhead). 
Yellow arrowhead denotes the endodermal basement membrane. C-D: At E6, 
both the outer (white arrowhead) and endodermal (yellow arrowhead) basement 
membranes were unbroken. E-F: At E10, villi (V) were present and both 
basement membranes were continuous (arrowheads). G-H: At E16, the 
mesenchyme was condensed (compare F and H). The outer basement 
membrane was robust and unbroken (white arrowhead) while the mucosal 
basement membrane weakly stained with laminin (yellow arrowhead). Scale 
bars: 50µm (A, C, E, G,) and 10µm (B, D, F, H). En, endoderm; FL, forelimb; H, 
head; HL, hindlimb; L, lumen; Le, leg; M, mesenchyme; Mes, mesothelium; Mu, 
mucosa; OE, outer epithelium; V, villi; W, wing. 
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developing gut tube eventually give rise to the intestinal mesothelium (Winters et 
al., 2012).  
To investigate the development of the outer epithelium, we stained serial 
sections of quail midgut with antibodies for the epithelial markers cytokeratin and 
laminin. As described above, the outer epithelium and mesenchyme first 
appeared as distinct cellular layers at E2.1 (HH14). At this time, the outer  
epithelium was stratified and the underlying basement membrane was 
fragmented (see above, Figure 2.2 D). At E3.5 (HH21), the outer epithelium 
remained stratified and was cytokeratin-negative. Laminin staining in the outer 
basement membrane (arrows) had returned to an unbroken configuration (Figure 
2.4 A-C). Twelve hours later, at E4 (HH24), the outer epithelium was, for the first 
time, a single cell layer thick (arrowheads) with very faint staining for cytokeratin 
(Figure 2.4 D-F). At E5 (HH27), we observed more prevalent cytokeratin staining 
within the outer epithelium despite dispersed laminin staining in the basement 
membrane (Figure 2.4 G-I, arrowheads). Finally, at E6 (HH29) a simple 
squamous epithelium with robust cytokeratin staining and a continuous basement 
membrane (arrows) characteristic of the adult mesothelial structure was present 
throughout the midgut (Figure 2.4 J-L). This mature mesothelial configuration 
was observed throughout the remainder of development. Thus, the transition of 
the basement membrane to an unbroken conformation at E3.5 was followed 
shortly by conversion of the outer epithelium from a stratified to simple layer. The 
subsequent breakdown and solidification of the outer basement membrane at  
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Figure 2.4 Mesothelial differentiation. Schematic in upper-left corner depicts 
the region of the gut tube that was imaged. A-C: At E3.5, the outer epithelium 
(arrowheads) was stratified (asterisks) and the basement membrane was 
continuous (arrows). No cytokeratin staining was evident at this time. D-F: At E4, 
the outer epithelium was a single cell layer thick (arrowheads) with a continuous 
basement membrane (arrows). Cytokeratin staining was weakly positive. G-I: At 
E5, laminin staining in the outer basement membrane was dispersed (arrows). 
Cytokeratin staining was present at low levels. J-L: At E6, laminin staining 
(arrows) was unbroken and cytokeratin staining was robust within the 
mesothelium (arrowheads). Scale bars: 10µm (A-L). DM, dorsal mesentery; En, 
endoderm; L, lumen; M, mesenchyme; OE, outer epithelium. 
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E5-E6 was concurrent with differentiation of the outer cell layer into a mature, 
cytokeratin positive mesothelium. 
 
Expansion of the mesenchymal compartment  
As described in Figures 2.2 and 2.3, the mesenchymal compartment 
underwent a dramatic expansion over these early stages of intestinal 
development. We next quantified the change in size of the mesenchymal  
compartment over time to determine if there was any correlation with basement 
membrane breakdown. We measured the distance between the endoderm and 
outer epithelial basement membranes at multiple medial-lateral positions to 
determine the average width of the mesenchymal compartment at each stage. 
The mesenchymal space at E1.9 (HH12) was narrow, averaging 7.5 µm in width. 
At E2.1 (HH14), despite the slight increase in the number of cells found in the 
mesenchymal space at this time, the overall average width was 6.4 µm. Between 
E2.1-E3.5 (HH14-HH21) the mesenchymal compartment expanded abruptly from 
6.4 µm to 103 µm in width. This time period corresponded to the stages over 
which the outer basement membrane was broken down. Interestingly, after the 
basement membrane solidified again at E3.5, the distance between the two 
basement membranes decreased to 74 µm by E4. The second instance of outer 
basement membrane breakdown at E5 also correlated with a small increase in 
mesenchymal compartment width though generally the mesenchymal width 
trended downward between E3.5 and E6 (Figure 2.5 A).  
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Figure 2.5 Expansion of the mesenchymal compartment over time. A: Graph 
of the distance between the outer epithelial and endodermal basement 
membranes measured at key stages between E1.9 and E8. The dashed line 
represents the time period over which the outer basement membrane was 
dispersed. Solid lines indicate a continuous outer basement membrane was 
present. B: Four regions along the anterior-posterior axis of the small intestine 
(SI 1-4) were analyzed individually for mesenchymal cross-sectional area 
between E8 and E16. The cross-sectional area of each region was graphed 
independently. C: Small intestinal length measured between E6 and E16 (left y-
axis, black circles). Fold change in intestinal length over the same time period 
(right y-axis, grey triangles). D: Photomontage of isolated small intestines with 
mesentery and blood vessels removed and pinned out to demonstrate their 
length. 
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Over subsequent stages, the outer basement membrane was solid and 
the intestinal tube was closed. We next examined mesenchymal cross-sectional 
area and intestinal length to determine if these variables changed proportionately 
over time. We quantified mesenchymal cross-sectional area by outlining both the  
inner and outer basement membranes and calculating the intervening pixels 
using Metamorph software. We divided the small intestine into quarters along the 
length of the tube, small intestine (SI) 1-4, and analyzed each region individually 
at each stage. We also measured the length of the small intestine over the same 
stages by dissecting away the mesentery and extending the intestine out in a 
straight line. The anterior regions of the small intestine had consistently larger 
mesenchymal areas than the posterior regions over all stages examined. 
Between E8 and E12, the mesenchymal area of each region remained 
surprisingly constant (Figure 2.5 B). However, there was a dramatic increase in 
small intestinal length (17.6 mm at E8 to 71.1 mm at E12) over the same time 
period. Indeed, between E6 and E12, the small intestine roughly doubled in 
length every two days elongating at an average rate of 11 mm/day (Figure 2.5 C).  
Between E12 and E16, there was a notable increase in cross-sectional 
area throughout all four regions of the small intestine (Figure 2.5 B). There was 
also an increase in small intestinal length over these stages. The rate of intestinal 
lengthening between E6 and E16 was relatively steady averaging close to 10 
mm/day (Figure 2.5 C, black line). However, this steady rate of growth 
represented a 4-fold increase in length between E8 and E12 and only a 1.5-fold 
increase between E12 and E16 (Figure 2.5 C, gray line). Thus, the rapid increase 
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in mesenchymal cross-sectional area at E12 correlates with a decrease in the 
relative change in length. 
 
Development of the muscularis layers and myofibroblasts 
We next examined differentiation of the mesenchymal compartment. While 
initially uniform in appearance, the mature mesenchymal compartment is 
composed of varied tissue types including multiple layers of visceral smooth 
muscle that provide the force for peristaltic contractions. Other mesenchymal 
cells with limited contractile ability include the subepithelial myofibroblasts that 
closely surround the crypts and line the mucosa into the villi. Using studies of the 
chicken as a reference, we expected four layers of visceral smooth muscle to 
develop in the quail small intestine: inner longitudinal, inner circular, outer circular, 
and outer longitudinal (Gabella, 1985; Gabella, 2002). These layers are largely 
distinguished based on morphological features; however, the outer circular layer 
of the adult chicken can also be identified molecularly as α-smooth muscle actin 
(α-SMA) expression is almost entirely replaced by γ-smooth muscle actin (γ-
SMA) expression (Gabella, 1985; Yamamoto, 1996). 
We utilized immunofluorescence for α- and γ-SMA to generate a 
comprehensive timeline of visceral smooth muscle and myofibroblast 
development in the quail small intestine. Faint staining for both α- and γ-SMA 
was first observed at E6 in a rudimentary circular layer (OC) within the 
mesenchyme. SMA-negative mesenchymal cells were found on both the luminal  
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Figure 2.6 Differentiation of visceral smooth muscle. A-D: At E6, faint 
staining for α-SMA and γ-SMA defined the outer circular muscle layer. Asterisks 
represent SMA-negative mesenchymal cells bordering the outer circular muscle 
layer. E-H: Robust staining for α-SMA marked the outer circular and outer 
longitudinal muscle layers. γ-SMA was observed in the outer circular but not the 
outer longitudinal layer. SMA-negative submucosal mesenchyme was still 
present (asterisk). I-L: By E14, the inner circular layer (α-SMA-positive, weak γ-
SMA) was evident. Asterisk denotes SMA-negative submucosal mesenchyme. 
M-P: At E16, four muscle layers were present including the inner longitudinal 
layer. All layers stained for both α-SMA and γ-SMA. Double asterisks denote 
submucosal neuronal plexus. Limited SMA-negative submucosal mesenchyme 
was present (asterisk). Arrowhead in M indicates SMA-positive staining within the 
villi. Q-T: In the adult intestine, the four visceral smooth muscle layers were 
directly subjacent to the lamina propria (arrow) with no intervening submucosal 
mesenchyme. The outer circular layer was α-SMA-negative. Scale Bars: 50µm 
(A, E, I, M, Q) and 10µm (B-D, F-H, J-L, N-P, R-T). En, endoderm; IC, inner 
circular; IL, inner longitudinal; LP, lamina propria; L, lumen; M, mesenchyme; 
Mes, mesothelium; Mu, mucosa; OC, outer circular; OL, outer longitudinal; V, villi.  
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and coelomic aspects (Figure 2.6 A-D, asterisks). At E10, an α-SMA-positive, γ-
SMA-negative outer longitudinal (OL) layer was first observed within the 
submesothelial region (Figure 2.6 E-H). The inner circular (IC) layer was first 
distinguishable at E14 due to high levels of α-SMA and low levels of γ-SMA at 
the innermost aspect of the circular muscle layer (Figure 2.6 I-L). Also at E14, α-
SMA-positive cells could occasionally be identified within the villi (data not 
shown). At E16, an α- and γ-SMA-positive inner longitudinal layer (IL) was visible 
and robust α-SMA-positive staining was present within the villi. The submucosal 
mesenchyme was concurrently reduced to a thin layer (asterisk) and the outer 
circular layer exhibited decreased staining for α-SMA (Figure 6.2 M-P). Finally, in 
the adult small intestine, γ-SMA was identified in all four layers of visceral smooth 
muscle but the outer circular layer did not stain for α-SMA at appreciable levels. 
Additionally, the intestinal crypts were directly adjacent to the inner longitudinal 
visceral smooth muscle layer without any intervening submucosal mesenchyme 
(Figure 2.6 Q-T, arrows). Thus, the structure of the adult quail small intestine is 
similar to other avians, including the chicken (Gabella, 1985). The current study 
demonstrates that contractile cell differentiation in the quail intestine occurs in the 
following progression: outer circular layer at E6, outer longitudinal layer at E10, 
inner circular layer at E14, and inner longitudinal layer and subepithelial 
myofibroblasts at E16. 
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The organization of the endothelial plexus 
Elaboration of the vasculature is critical for organ formation. The 
vasculature of the intestine is housed within the mesenchymal layer. The major 
arteries supplying the intestine (mesenteric arteries) branch from the aorta and 
reach the intestine by means of a mesentery (two mesothelial membranes 
closely apposed to one another). Once the mesenteric arteries reach the 
intestine, the large, muscularized branches stay near the surface subjacent to the 
thin outer longitudinal layer of visceral smooth muscle. Other branches dive deep 
to supply a second tier of blood vessels that resides near the junction of the 
lamina propria and inner longitudinal smooth muscle layer. The third and most 
expansive tier is the extensive capillary network extending into the villi and 
localized just below the mucosal epithelium (Powell et al., 2011). The initial 
arrangement of the intestinal primordium with both basement membranes within 
microns of one another (at E2.1, (Meier, 1980)) allows a single, central 
endothelial plexus to contact both basement membranes and epithelia. The 
expansion of the mesenchyme necessitates growth and remodeling of the 
vascular plexus for this relationship to be maintained.  
To understand how the vasculature of the intestine is remodeled from a 
single centrally located endothelial plexus into a multi-tiered vascular network, we 
utilized QH1 (quail endothelial cell marker) staining and Tg(tie1:H2B-eYFP) quail 
embryos. These transgenic embryos express an H2B-eYFP fusion protein under 
control of the endothelial specific Tie1 promoter  
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Figure 2.7 Generation of a two-tiered endothelial plexus. Laminin (basement 
membrane marker; red), QH1 and eYFP (endothelial markers; green) 
immunofluorescence. A-B: At E2.1, an endothelial plexus marked by QH1 
(arrowheads) was present between the endoderm and splanchnic mesoderm. C-
F: Sections through Tg(tie1:H2B-eYFP) quail intestinal primordia. C-D: At E3, the 
endothelial plexus (arrowheads) was detected in the middle of the multilayered 
mesenchyme. E-F: At E6, the endothelial plexus was organized into two 
concentric layers below the endoderm and mesothelium, respectively 
(arrowheads). Scale bars: 50µm (A, C, E) and 10µm (B, D, F). DA, dorsal aorta; 
En, endoderm; L, lumen; M, mesenchyme; Mes, mesothelium; nc, notochord; NT, 
neural tube; OE, outer epithelium; SpM, splanchnic mesoderm. 
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(Poynter and Lansford, 2008; Sato et al., 2010). At E2.1 (HH14), endothelial cells 
were in close approximation to both the endoderm and splanchnic mesoderm 
(Figure 2.7 A-B, arrowheads). At E3 (HH18), eYFP-positive endothelial cells 
were distributed along the medial-lateral axis of the intestinal primordium but 
remained within the middle of the mesenchymal layer thus losing close contact 
with both the endodermal and outer epithelial basement membranes (Figure 2.7 
C-D, arrowheads). This configuration was maintained until E6 at which time the 
eYFP-positive cells were organized into two layers one subjacent to the 
mesothelium and another layer juxtaposed to the developing submucosal layer 
(Figure 7 E-F, arrowheads). The two tiered endothelial network visible at E6 was 
also reported in Nagy et al. (2009).  
At E10, the external endothelial layer was localized below the newly 
differentiated outer longitudinal visceral smooth muscle cell layer thus occupying  
the same space where the major vessels will be found in the adult. At this stage, 
villi were also first observed in the anterior region of the small intestine (Figure 
2.8 A-F) though the posterior region only had small ridges protruding into the 
lumen (Figure 2.8 G-L). Notably, endothelial cells of the internal plexus 
(arrowheads) throughout both the anterior and posterior small intestine did not 
extend into the villi or ridges (Figure 2.8 A-L). We first observed endothelial cells 
within the villi at E14 in low numbers, four days after villi were apparent in the 
anterior portion of the gut tube (Figure 2.9 A-C, arrowheads). By E16, endothelial 
cells were found in abundance within the villi (Figure 2.9 D-F, arrowheads). Cells 
within the outer endothelial tier became fewer in number over time (Figure 2.9 C,  
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Figure 2.8 Endothelial plexus remodeling during villi formation. Schematic 
in upper-left corner depicts the regions of the intestine that were sectioned. E10 
intestines were isolated from Tg(tie1:H2B-eYFP) embryos. A-F: Villi were present 
in the anterior region of the intestine. The endothelial plexus (eYFP-positive) was 
organized in two concentric rings (arrowheads) but did not extend into the villi. G-
L: In the posterior small intestine, ridges but no villi were identified. The 
endothelial plexus remained organized in two concentric rings (arrowheads). 
Scale bars: 50µm (A-L). DM, dorsal mesentery; L, lumen; M, mesenchyme; Mes, 
mesothelium; Mu, mucosa, V, villi. 
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Figure 2.9 Extension of endothelial cells into the villi. Images are of sections 
through Tg(tie1:H2B-eYFP) quail intestines. A-B: At E14, eYFP-positive 
endothelial cells (arrowheads) were localized within the base of the villi in low 
numbers. C: The outer endothelial plexus was substantial at E14 (arrows). D-E: 
By E16, endothelial cells had reached the tip of the villi (arrowheads) and were 
present in high numbers. F: Thinning of the outer endothelial plexus was 
observed (arrows). Scale bars: 50µm (A, D), 10µm (B-C, E-F). L, lumen; M, 
mesenchyme; Mes, mesothelium; Mu, mucosa; V, villi. 
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F, arrows). Thus, development of the enteric endothelial network progresses 
through four phases. First, endothelial cells are scattered throughout the 
mesenchymal space. Second, they organize into two layers in the submesothelial 
region and submucosal mesenchyme, respectively. Third, differentiation of the 
outer longitudinal smooth muscle leads to localization of the external plexus 
below the muscle layer. Finally, endothelial cells penetrate the lamina propria of 
the villi.  
 
Generation of muscularized surface blood vessels  
While the vasculature of the villi remains as a capillary plexus, the vessels 
near the surface of the adult intestine are large caliber and muscularized. We 
next examined Tg(tie1:H2B-eYFP) intestines in whole mount to determine when 
large surface blood vessels were formed. At E6, the stage at which two distinct 
layers of endothelial cells were first apparent within the gut wall, there were not 
any major surface vessels (Figure 2.10 A-B). Instead, endothelial cells were 
uniformly distributed in a honeycomb-like pattern (Figure 2.10 B). By E10, 
mesenteric branches extending to the intestine were observed (arrows) though 
there were still no large vessels visible on the intestine proper (Figure 2.10 C-D). 
At E11, we first observed large blood vessels extending from the dorsal 
mesentery over the gut tube proper (Figure 2.10 E-F, arrowheads). Throughout 
subsequent stages, the major vessels elongated to encompass a greater portion 
of the intestinal circumference (E12, E13; Figure 2.10 G-J, arrowheads).  
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Figure 2.10 Development of large blood vessels of the small intestine. All 
panels are whole mount images of eYFP fluorescence in isolated gut tubes from 
Tg(tie1:H2B-eYFP) quail. A-B: At E6, eYFP-positive endothelial cells were 
evident in the wall of the small intestine in a honeycomb pattern. C-D: At E10, 
mesenteric vessels were visible (arrows) but large vessels on the small intestine 
proper were not observed. E-F: At E11, major vessels near the surface of the 
small intestine were present (arrowheads) extending from the mesentery 
(arrows). G-J: Major small intestinal vessels (arrows) displayed further branching 
at E12 and E13 (arrowheads). Scale bars: 1mm (A, C, E, G, I); 200µm (B, D, F, 
H, J). C, caeca; SI, small intestine; Ven; ventriculus. 
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Figure 2.11 Muscularization of small intestinal blood vessels. Schematic in 
upper-left corner represents the small intestine (SI), blood vessels (BV) and the 
orientation of sections (black slice). A-F: Sections from Tg(tie1:H2B-eYFP) 
intestines. A-B: At E12, eYFP-positive endothelial cells subjacent to the coelomic 
surface were in close proximity to the visceral smooth muscle layers (OC, OL) 
but were not invested by vascular smooth muscle cells. C-D: At E14, vascular 
smooth muscle cells (α-SMA-positive, arrowheads) arranged in a single layer 
were identified surrounding eYFP-positive endothelial cells localized near the 
coelomic surface of the small intestine. E-F: At E16, the vascular smooth muscle 
cells appeared more mature and were in multiple layers surrounding endothelial 
cells (arrowheads). G-H: QH1 staining of a wild type adult quail small intestine 
revealed mature vessels with multiple layers of vascular smooth muscle cells in 
large arteries (arrowheads) but only a single layer in veins (arrows). The second 
tier of blood vessels at the base of the villi was also muscularized in the adult 
(yellow arrowhead). Scale bars: 50µm (A, C, E, G) and 10µm (B, D, F, H). A, 
artery; L, lumen; Mes, mesothelium; Mu, mucosa; OC, outer circular muscle 
layer; Ve, vein; V, villi.  
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A further mark of blood vessel maturity is recruitment and differentiation of 
vascular smooth muscle cells. We used immunofluorescence for α-SMA to 
determine when cells of the intestinal vasculature were muscularized. At E12, α-
SMA staining was present within the outer longitudinal and outer circular smooth  
muscle layers but was not identified surrounding the eYFP-positive endothelial 
cells (Figure 2.11 A-B). At E14, a single layer of α-SMA-positive cells surrounded 
the large blood vessels found near the surface of the intestine (Figure 2.11 C-D, 
arrowheads). At E16, rare blood vessels were observed containing multiple 
layers of vascular smooth muscle cells (Figure 2.11 E-F, arrowheads). In the 
adult intestine, large arteries with multiple layers of vascular smooth muscle were 
readily identified (Figure 2.11 G-H, arrowheads). Neighboring veins were large 
caliber though still poorly muscularized (Figure 2.11 G-H, arrows). Additionally, 
the second tier of blood vessels near the base of the villi were muscularized in 
the adult only (Figure 2.11 G, yellow arrowhead). Thus, the major blood vessels 
of the intestine are not muscularized until near hatching.  
 
Discussion 
 
Splanchnic mesoderm generates the bulk of the intestine and will diversify 
into serosa, connective tissue, musculature, and the enteric vasculature. 
However, relatively little is known about the development of the intestinal 
mesoderm. Our study provides a comprehensive examination of the major 
morphological changes that occur within the intestinal mesoderm starting with the 
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establishment of the intestinal primordium and ending with the definitive structure. 
Through concurrent examination of multiple features, we were able to identify 
temporal and spatial coordination between previously unlinked developmental 
events (Table 2.1). An examination of four critical time periods in intestinal 
mesoderm development is presented below highlighting novel correlations 
illustrated by this study. These data provide developmental biologists and 
clinicians with a detailed baseline of normal development—the context with which 
perturbations of intestinal development generated by experimental manipulation 
and disease can be evaluated. Finally, this comprehensive analysis reveals 
heretofore unidentified cell and tissue relationships that generate numerous 
questions for future study. 
 
Appearance of the intestinal anlage. 
Although not immediately apparent, the eventual architecture of the 
mature intestine is in fact represented in three features of the intestinal 
primordium. At the most fundamental level, the endoderm is localized ventrally  
and the mesoderm, dorsally in the flat intestinal anlage. Thus, when a tube is 
formed by folding the flat sheet ventrally, the endoderm will line the lumen and 
the mesoderm will form the coelomic surface reflecting their position in the adult 
structure. Second, the primordium is split into three compartments by two 
basement membranes, an arrangement maintained into maturity. Finally, from its 
earliest appearance, the vascular plexus is localized in the mesenchymal 
compartment juxtaposed to both basement membranes (Meier, 1980). These  
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Table 1. Key stages and pivotal developmental events that occur 
throughout quail intestine development 
E1.9 
(HH12) 
E2.2 
(HH16) 
E3.5 
(HH21) 
E4 
(HH23) 
E5 
(HH27) 
E6 
(HH29) 
• Continuous outer 
basement 
membrane 
• Narrow 
mesenchymal 
space  
• Single layered 
endothelial plexus 
• Open gut tube 
(GT) 
• Dispersed 
outer 
basement 
membrane 
• Scattered 
mesenchymal 
cells 
• Single 
endothelial 
plexus 
• Open GT 
• Continuous 
outer 
basement 
membrane 
• Multilayered 
mesenchyme 
• Peak in 
mesenchymal 
width 
• Stratified outer 
epithelium 
• Anterior and 
posterior 
closure of GT 
 
• Continuous outer 
basement 
membrane 
• Contraction of 
mesenchymal 
width 
• Single layered 
outer epithelium 
• Dispersed 
outer 
basement 
membrane 
• Increased 
mesenchymal 
width 
• Cytokeratin-
positive outer 
epithelium 
• Continuous 
outer 
basement 
membrane 
• Decreased 
mesenchymal 
width 
• Mesothelium  
• Completely 
closed GT 
• Endothelial 
plexus splits 
into two 
layers 
• Outer circular 
muscle layer 
• Length: 6mm  
E10 E11 E12 E14 E16 
• Villi present 
• Outer longitudinal 
muscle layer 
• Absence of SMA-
negative 
submesothelial 
mesenchyme 
• Length: 42mm 
• Large surface 
blood vessels  
• Sharp increase 
in 
mesenchymal 
area 
• Length: 72mm 
• Endothelial cells 
in base of villi 
• Myofibroblasts in 
lamina propria 
• Inner circular 
muscle layer 
• Single layer of 
vascular smooth 
muscle 
• Length: 85mm 
• Endodermal 
basement 
membrane 
dispersed 
• Endothelial 
cells in tips of 
villi 
• Inner 
longitudinal 
muscle layer 
• Multilayered 
vascular 
media 
• Limited 
submucosal 
mesenchyme 
• Length: 
110mm 
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basic elements form the structural scaffold around which the flat sheet of the 
primordium folds to form a tube. Within this context, the mesenchymal space and 
its resident cells expand to generate the largest intestinal compartment, and the 
vasculature matures into a multi-tiered network. 
 
Development of the mesenchymal compartment: E1.9-E5 
Starting from this basic structure, the first significant change in intestinal 
mesoderm development is the generation of a multi-layered mesenchyme. 
Though forming the bulk of the intestine in the adult, this layer is essentially 
absent in the primordium—the endothelial plexus of the intestine is the only cell 
population to reside in the mesenchymal compartment and contacts the 
basement membranes of both the endoderm and splanchnic mesoderm. The 
rapid cellular expansion of the mesenchymal compartment between E2.2 and 
E3.5 occurred concurrently with a breakdown of the outer basement membrane 
likely due to an ingress of cells from the outer epithelium into the mesenchyme. 
At E3.5, the mesenchymal compartment peaked in width and the outer epithelial 
basement membrane returned to an unbroken configuration. Throughout the 
subsequent stages in which a solid basement membrane was present the width 
of the mesenchymal compartment gradually decreased. A slight increase in 
mesenchymal width was observed at E5, which correlated with a second brief 
breakdown of the outer epithelial basement membrane. These features suggest 
the following sequence: inward migration of cells from the outer epithelium into 
the mesenchyme, cessation of migration and repair of the basement membrane, 
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a second wave of inward migration, and final repair of the basement membrane. 
The potential of two temporally separated waves of migration into the 
mesenchymal space may indicate that specific mesenchymal lineages are added 
sequentially as suggested but not conclusively proven by cell lineage tracing 
studies (Wilm et al., 2005; Winters et al., 2012). 
 
Completion of intestinal tube formation: E5-E6  
The next major change in intestinal development is the completion of tube 
formation that occurs at E6. At this stage, the mesothelium is fully differentiated, 
SMA is first observed in the outer circular visceral smooth muscle layer and the 
endothelial plexus splits into two layers. Each of these topics is considered below. 
Mesothelial differentiation in the intestine has only recently been studied in 
any detail (Kawaguchi et al., 2007; Wilm et al., 2005; Winters et al., 2012). In 
contrast, mesothelial development in the heart has been examined extensively. 
Cardiac mesothelium is derived from a localized, extrinsic progenitor pool that 
migrates to the heart. Once at the surface of the heart, individual mesothelial 
cells undergo an epithelial-mesenchymal transition (EMT) to invade the 
underlying myocardium and give rise to vascular smooth muscle cells and 
intracardiac fibroblasts (Dettman et al., 1998; Guadix et al., 2006; Männer, 1999; 
Mikawa and Gourdie, 1996; Pérez-Pomares et al., 2002). Mesothelial cells of the 
intestine have a similar potential demonstrated by genetic lineage tracing in the 
mouse but are derived from a broadly distributed progenitor population intrinsic to 
the forming gut tube (Wilm et al., 2005). The second brief breakdown of the outer 
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basement membrane of the intestine occurred as the outer epithelium 
differentiated into a mesothelial layer. Thus, the second wave of inward migration 
into the mesenchyme may be specific to mesothelial cells or their progenitors 
providing cells of the future vascular or fibroblast lineage. The molecular 
regulation of EMT of the cardiac mesothelium has been investigated utilizing 
multiple murine genetic models (Baek and Tallquist, 2012; Wu et al., 2010). It 
may be of interest to examine these genetic models in the context of intestinal 
development to determine if a similar molecular network regulates EMT of 
mesothelia in the two organs. 
In addition to contributing cells, mesothelium is also a signaling center 
during development (Olivey and Svensson, 2010; Svensson, 2010; White, 
2006). The first visceral smooth muscle layer of the intestine differentiates in 
close proximity to the mesothelium with only a small layer of intervening SMA-
negative cells. Endodermal Shh signals are known to be repressive to visceral 
smooth muscle differentiation in the chick thus positioning the initial layer at a 
distance from the mucosa (Gabella, 2002; Sukegawa et al., 2000). However, 
both Shh and Ihh knockouts in the mouse led to reduced visceral smooth muscle 
differentiation suggesting the role of Shh is not repressive alone (Mao et al., 
2010; Ramalho-Santos et al., 2000). Intestinal mesothelial signaling has not been 
investigated though frequently, developmental patterning is the result of 
integration of signals from two opposing sources (Irish et al., 1989; Meinhardt, 
2009). Precise positioning of the initial circular muscle layer and subsequent 
layers of smooth muscle may be the result of both endodermal and mesothelial 
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signaling events though further investigation is required. 
The endothelial plexus also divides into two layers at E6 (Nagy et al., 
2009). Signals that pattern the intestinal vasculature are currently unknown. As 
cells are added to the mesenchyme, the endothelial plexus remains centrally 
located with increasing distance separating it from both basement membranes; 
thus, hypoxia might be proposed as a potential regulatory signal. However, 
quantification of the width of the mesenchymal compartment revealed there is 
actually a decrease in the distance separating the two basement membranes 
between E3.5 and E6. Thus, division of the endothelial plexus into two layers at 
this time may not be related simply to increased hypoxia due to mesenchymal 
growth. The division into two layers that reside near the mesothelial and mucosal 
surface, respectively, suggests chemotactic cues may originate from both 
epithelia to produce this pattern though further research is needed in this area. 
 
Maturation of visceral smooth muscle and vascular components: E6-E16 
 The next major changes that occur within the mesenchymal compartment 
include differentiation of the remaining visceral smooth muscle cell layers, 
vascular remodeling and maturation, and extensive growth. It is unknown what 
directs the sequential differentiation of individual visceral smooth muscle cell 
layers though, as described above, roles for both the endoderm and mesothelium 
are possible. Interestingly, the appearance of the villi is temporally associated 
with generation of the outer circular and outer longitudinal visceral smooth 
muscle cell layers suggesting a potential mechanical relationship. 
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In studies of murine intestinal development, endothelial cells appear to 
play an important role in villus formation and remain in close association with the 
endoderm throughout (Hashimoto et al., 1999; Kim et al., 2007). In the quail, villi 
form independent of a close morphological relationship with the vasculature. 
Indeed, endothelial cells do not invade the villi until days after they are formed. 
The cues leading to endothelial ingrowth into the villi are unknown. Also of 
potential interest, subepithelial myofibroblasts differentiate concurrent with 
endothelial migration into villi. Endothelial cells in endodermally-derived organs 
function in paracrine signaling independent of their function in supplying vascular 
flow to an area (Jacquemin et al., 2006; Lammert et al., 2001; Matsumoto et al., 
2001; Yoshitomi and Zaret, 2004). Thus, regulation of villus maturation and 
myofibroblast differentiation may be related to signaling events from the nearby 
endothelial cells. 
Finally, while the endothelial plexus of the intestinal primordium is thought 
to be derived from the splanchnic mesoderm (Drake et al., 1997; Meier, 1980; 
Pardanaud et al., 1989), the origin of the large surface blood vessels is unclear. 
They are first visible in the mesentery and subsequently over the intestine 
suggesting they may grow via angiogenesis from the vitelline artery. Alternatively, 
they may be derived completely from remodeling of the existing endothelial 
plexus. 
 As detailed above, there remains much to be understood about intestinal 
development. Knowledge of the morphological underpinnings is vital if 
investigations of intestinal formation are to be placed into the larger context in 
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which they occur. These studies provide a timeline of intestinal mesodermal 
development integrating information about multiple foundational features. With a 
broad view of intestinal development, potential interactions can be identified that 
range from the level of gene function, through cellular interactions, to tissue 
morphogenesis leading to the establishment of the definitive structure. 
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CHAPTER III 
 
IDENTIFICATION OF A NOVEL DEVELOPMENTAL MECHANISM IN THE 
GENERATION OF MESOTHELIA 
 
This chapter was accepted by Development on 22 May 2012 under the same title 
by the following authors: 
Nichelle I. Winters, Rebecca T. Thomason, David M. Bader 
 
Abstract 
 
Mesothelium is the surface layer of all coelomic organs and critical for the 
generation of their vasculature. Still, our understanding of the genesis of this 
essential cell type is restricted to the heart where a localized, exogenous 
population of cells, the proepicardium, migrates to and envelops the myocardium 
supplying mesothelial, vascular, and stromal cell lineages. Currently it is 
unknown whether this pattern of development is specific to the heart or applies 
broadly to other coelomic organs. Using two independent long term lineage 
tracing studies, we demonstrate that mesothelial progenitors of the intestine are 
intrinsic to the gut tube anlage. Furthermore, a novel chick-quail chimera model 
of gut morphogenesis reveals these mesothelial progenitors are broadly 
distributed throughout the gut primordium and are not derived from a localized 
and exogenous proepicardium-like source of cells. These data demonstrate an 
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intrinsic origin of mesothelial cells to a coelomic organ and provide a novel 
mechanism for the generation of mesothelial cells.  
 
Introduction 
 
The vertebrate coelom, or body cavity, and internal organs housed therein 
are all lined by a simple squamous epithelium called mesothelium. In the healthy 
adult, mesothelia are relatively quiescent—their primary function is to form a non-
adhesive surface for the movement of organs (Mutsaers and Wilkosz, 2007). 
However, mesothelia are also recognized as critical players in peritoneal 
sclerosis (Chegini, 2008; Yung and Chan, 2009), for regulation of the injury 
microenvironment in myocardial infarction (Zhou et al., 2011) and for their ability 
to promote revascularization of diverse tissues including the heart (Takaba et al., 
2006; Zhang et al., 1997). These functions of mesothelium in injury and repair 
reflect the dynamic behavior of mesothelia in embryonic development. While 
mesothelia are universally distributed in the pericardial, pleural and peritoneal 
cavities of all vertebrates, our understanding of mesothelial development is 
largely restricted to one organ, the heart.  
Manasek (1969) and Ho and Shimada (1978) demonstrated that cardiac 
mesothelium (epicardium) originated from a discrete population of cells termed 
the proepicardium (PE) localized outside of the initial heart tube (Ho and 
Shimada, 1978; Manasek, 1969). Originating from the region of the sinus 
venosus, these cells migrate as an epithelium across the pericardial space to 
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contact the naked myocardium (Ishii et al., 2010). Further dorsal-ventral 
migration of this epithelium over the heart tube leads to formation of the 
epicardium. Thus, epicardial precursors do not arise in situ but are recruited from 
a localized cell source exogenous to the splanchnic mesoderm of the developing 
organ. 
Subsequent lineage tracing studies revealed that specific cells within the 
epicardium undergo epithelial-mesenchymal transition (Wu et al., 2010), invade 
the myocardium, and differentiate into fibroblasts, vascular smooth muscle, and 
endothelial cell populations (Dettman et al., 1998; Mikawa and Gourdie, 1996). 
Hepatic, pulmonary, and intestinal mesothelia have since been shown to provide 
vasculogenic and stromal populations to their respective organs (Asahina et al., 
2011; Eralp et al., 2005; Morimoto et al., 2010; Perez-Pomares et al., 2004; Que 
et al., 2008; Wilm et al., 2005).  
Wilm et al. demonstrated that the mesothelial marker Wilms’ tumor protein 
1 (Wt1) first appeared in the mesentery of the intestine and then later 
encompassed the gut tube in a dorsal-ventral direction. This expression pattern 
mirrored the dorsal-ventral migration of the epicardium seen in the heart and, 
from these data, our group hypothesized that “non-resident cells migrate to and 
over the gut to form the serosal mesothelium” (Wilm et al., 2005). These data in 
conjunction with the shared vasculogenic potential of mesothelia suggested the 
mechanism of mesothelial development and the function of this cell type in 
embryogenesis may be conserved in diverse coelomic cavities.  
In contrast to the extensive analysis of epicardial development, careful 
 91 
examination of the primary literature reveals that little if anything is known about 
the origin of mesothelial cells in any coelomic organ other than the heart. 
Additionally, a change in terminology contributes to confusion in the literature 
regarding this cell type. The term “mesothelium” originally referred to the entire 
epithelial component of mesoderm as differentiated from the loose mesenchyme 
(Minot, 1890). The term did not refer to the specific simple squamous cell type 
we currently identify as mesothelium. Still, a review authored by Minot in 1890 
using this original terminology appears to form the basis for the modern 
description on the origin of vertebrate coelomic mesothelia (Moore and Persaud, 
1998; Mutsaers, 2002). An extensive review of the literature reveals no primary 
data addressing the origin of mesothelium. Taken together, it is clear that the 
program of proepicardial/epicardial development stands alone as a definitive 
model of development of this widely distributed cell type that is so critical for 
vertebrate organogenesis.  
A question arises: Is there a common mechanism of mesothelial 
development?  Fundamental to the resolution of this question is determining the 
origin of mesothelial precursors in diverse coelomic organs. Thus, we examined 
intestinal development to determine whether mesothelium originated from an 
exogenous, localized source as seen in the heart or, conversely a resident 
population of mesothelial progenitors within the gut itself. Using three 
independent experimental models, we demonstrate that the intestine derives its 
mesothelial layer from progenitor cells broadly resident within the splanchnic 
mesoderm and not from a PE-like structure extrinsic to the developing organ. 
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These data provide new information concerning a fundamental process of 
intestinal development and reveal diversity in mechanisms regulating the 
generation of mesothelia.  
 
Materials and Methods 
 
In situ hybridization (ISH)  
ISH was performed according to standard protocols (McGlinn and 
Mansfield, 2011). Wt1 template (GenBank accession number AB033634.1) was 
kindly provided by Dr. Jorg Manner (Georg-August University of Gottingen, 
Germany) (Schulte et al., 2007).  
 
Immunohistochemistry (IHC) and co-localization analysis 
Immunohistochemical analysis of sectioned chick (Gallus gallus) or quail 
(Coturnix japonica) embryos was as published (Osler and Bader, 2004). All 
animal procedures were performed in accordance with institutional guidelines 
and IACUC approval. Chick embryos were staged according to Hamburger and 
Hamilton (Hamburger and Hamilton, 1992). The following primary antibodies 
were used: Anti-GFP (Invitrogen A11122, 1:200); Anti-laminin (Abcam Ab11575, 
1:50); Anti-Laminin (DSHB 31 or 31-2 1:25); Anti-neurofilaments (DSHB RT97 
1:50); Anti-smooth muscle actin (Sigma A2547 1:200), Anti-smooth muscle actin 
(Abcam Ab5694 1:200), QCPN (DSHB undiluted), 8F3 (DSHB 1:25), Anti-
PGP9.5 (Zymed 38-1000, 1:200); Anti-cytokeratin (Abcam Ab9377, 1:100), QH1 
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(DSHB, 1:200). The following secondary antibodies were used at a 1:500 
dilution: Alexa fluor 488 or 568 Goat anti-rabbit (Invitrogen); Alexa fluor 488 or 
568 Goat anti-mouse (Invitrogen). TOPRO-3 (Invitrogen T3605) at 1 µmol/L was 
applied for 20 min. Sections were imaged in Z-stacks using a LSM510 META 
Confocal with 0.4 µm optical slices. Each optical slice was analyzed for co-
localization of the red and green channels using ImageJ followed by Z-projection 
for counting of cells. All IHC images presented in figures are Z-projections. 
 
Microinjection 
Windowed chick embryos (HH14-17) were lightly stained by placing a 
dried strip of neutral red (0.2 mg/mL) in 1% agar on top of the embryo. For 
contrast, 0.2 uL of 10% fast green solution (sterile filtered) was added to 5 µl viral 
or pCIG suspension (7 µg/µL) and then loaded into a pulled glass needle. The 
agar strip was removed and approximately 25-30 nanoliters were injected into 
both lateral cavities with aid of a micromanipulator and use of a Narishige IM300 
microinjector with 2msec pulses at 38PSI.  
 
Electroporation  
pCIG-GFP in which GFP expression is driven by the chicken β-actin 
promoter was kindly provided by Dr. Michael Stark (Brigham Young University, 
Provo, UT, USA) (Lassiter et al., 2007). Chick eggs incubated 2.5 days were 
windowed by withdrawing 4 ml of albumin and cutting a hole in the top of the egg 
shell. The vitelline membrane over the posterior region of windowed HH14-HH17 
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embryos was removed with a tungsten needle. After pCIG-GFP microinjection, a 
small hole was made outside of the vascularized region through which the 
positive electrode was inserted below the embryo. The negative electrode was 
placed on top of the embryo and 5-7, 10 msec pulses at 15 V were delivered 
(ECM 830 electroporator; BTX Harvard Apparatus). After addition of Tyrode’s 
salts solution with 1% pen/strep, the eggs were resealed with tape and incubated 
8 days.  
 
Production of pSNID retrovirus 
The following plasmids were used: pSNID with both a GFP and βgal 
reporter a generous gift of Dr. Jeanette Hyer (UCSF, San Francisco, CA, USA) 
(Venters et al., 2008); pCI-VSVG (Addgene 1733); pCAGGS Gag/Pol (generous 
gift of Dr. Connie Cepko, Harvard University, Cambridge, MA, USA). Virus was 
produced in Phoenix-GP cells. PheonixGP cells (ATCC SD-3514) were grown to 
70-80% confluence in DMEM supplemented with 10% FBS and split 1:3 onto 
four, 10 cm plates the night prior to transfection. Media was exchanged prior to 
transfection.  For each plate, 4 ug DNA (2 ug pSNID, 1 ug VSV-G, 1 ug Gag/pol) 
was diluted in 100 uL serum free DMEM. To the DNA suspension, 24 uL PEI (1 
mg/mL PEI, pH7; MW25K, Polysciences Inc 23966-2) was added, mixed by 
vortexing, incubated 15 min at room temperature, added to the cells overnight. 
Media was exchanged, media collected after 24 hrs, and stored at -80°C. 5 ml 
new media was added, media collected at 48 hrs, pooled with 24 hr collection, 
syringe filtered (0.45 micrometer PES) and concentrated by ultracentrifugation 
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(SW-28 rotor, 18000 RPM, 43000 x g, 2 hours, 4°C). Supernatant was discarded 
and the ultracentrifuge tube drained by inverting for 60 sec. The viral pellet was 
resuspended in media that remained in the ultracentrifuge tube (~50-80 uL). 
Polybrene (Sigma H9268) was added to the viral suspension at final 
concentration of 100 ug/mL. After microinjection, infected cells were detected by 
GFP expression in whole mount using a fluorescent dissecting microscope or in 
section by staining with an anti-GFP antibody.  
 
Titer assay 
D17 cells were grown to 60% confluence in 6-well plates. Fresh media 
(DMEM + 7% FBS + 1% penicillin/streptomycin) with 10 µg/ml polybrene was 
added to the plates prior to infection. Concentrated viral suspension was serially 
diluted and added to the 6-well plates. At 48 hrs, cells were stained with Xgal to 
detect viral infection. The total number of positive clones in a well were counted 
to determine the total number of virions added. Viral titers reaching at least 107 
virions/mL were aliquoted and stored at -80°C.   
 
Generation of chick-quail chimeras  
Splanchnopleure was dissected away from quail embryos staged 14-17. 
Dissection was carried out in sterile Tyrode’s salt solution. Isolated 
splanchnopleure was bisected into anterior and posterior regions by cutting at the 
vitelline artery and then anterior and posterior splanchnopleure was further 
subdivided into 3-4 pieces. Chick embryos in windowed eggs were lightly stained 
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with a strip of neutral red in agar. The vitelline membrane was removed with a 
tungsten needle and a small hole made through the somatopleure over the 
vitelline artery. The quail splanchnopleure graft was transferred into the chick egg 
and pushed through the hole with forceps and a tungsten needle into the right 
lateral cavity. Tyrode’s salt solution with 1% penicillin/steptomycin was added to 
replace volume and eggs were then sealed with tape and incubated for 1-14 
days. The number of graft and host derived mesothelial cells was determined by 
analyzing a subset of graft-derived gut tubes at multiple levels. The mesothelial 
layer was distinguished by morphology combined with cytokeratin or laminin 
staining. Nuclei within the mesothelial layer were manually identified and then 
subsequently identified as either QCPN or 8F3 positive. 
 
Results 
 
Trilaminar organization of the intestine is established prior to tube 
formation 
The adult intestine is composed of three subdivisions or compartments: 
the inner mucosa with an underlying basement membrane, the middle 
“mesenchymal” layers harboring stromal and visceral smooth muscle cells, and 
the outer mesothelium with its own basement membrane. We used 
immunohistochemical staining for cytokeratin, an intermediate filament 
expressed by epithelia, and laminin, a component of basement membranes, to 
examine the intestine for establishment of these three compartments. By close 
examination of formation of these compartments, we sought to identify any 
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potential mesothelial progenitor population within the gut tube either of a 
proepicardial-like morphology or any other tissue arrangement. 
The splanchnopleure posterior to the heart tube of chick embyos was 
examined at early stages of intestinal morphogenesis, prior to gut tube closure. 
At the earliest stage examined, HH13, the splanchnopleure was bilaminar 
composed of endoderm and splanchnic mesoderm with almost no intervening 
mesenchymal cells (Figure 1 A-C, arrowhead). Each layer was individually 
underlain by a laminin-positive basement membrane that extended along the 
entire dorsal-ventral axis of the splanchnopleure (Figure 1 A-C, arrows).  
At HH15, the splanchnopleure transitioned from having two major 
compartments to three. This was due to the establishment of a mesenchymal 
layer between the two basement membranes of the splanchnopleure (Figure 1 D-
F). For ease of reference, we termed the three compartments endoderm, 
mesenchyme, and outer epithelium though at this time the outer epithelium does 
not express cytokeratin (Figure 3.1 F’). The transition to three compartments 
occurred evenly throughout the splanchnopleure, and no localized PE-like 
structure was observed throughout the entirety of the peritoneal cavity. The outer 
epithelium remained stratified/pseudostratified, was underlain by a fragmented 
basement membrane (yellow arrow) and formed a uniform layer over the 
mesenchyme (Figure 3.1 D-F). With the appearance of the mesenchymal layer, 
the splanchnopleure was now in a trilaminar configuration which, as described 
above, is the basic organization of the adult intestine. The mesenchymal layer 
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Figure 3.1 A trilaminar gut tube was generated by HH15. A: HH13 
splanchnopleure was composed of two layers. B-C: Boxed regions shown in A). 
The splanchnic mesoderm appeared stratified and was underlain by a basement 
membrane (yellow arrow). The endoderm had its own basement membrane 
(white arrow). Arrowhead in C indicates a single mesenchymal cell. C’: The 
endoderm but not the splanchnic mesoderm was cytokeratin positive at HH13. D-
F: At HH15, a mesenchymal layer was observed residing between the 
aforementioned basement membranes (arrows). F’: The outer epithelium was not 
cytokeratin positive at HH15. G-I: At HH19 the mesenchymal layer had expanded 
(space between two arrows) and the basement membrane of the outer 
epithelium had fragmented (outer arrow). I’: The endoderm but not the outer 
epithelium was cytokeratin positive. E, endoderm; Me, mesenchyme; NT, neural 
tube; OE, outer epithelium; S, somite; So, somatic mesoderm; Sp, splanchnic 
mesoderm. 
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expanded through HH19 and the basement membrane of the outer epithelium 
remained fragmented (Figure 3.1 G-I, yellow arrow).  The mesothelial marker 
Wt1 was, however, not expressed specifically in the outer epithelium at these 
stages though Wt1 staining was observed in the mesothelial component of the 
PE over the same period of time (Figure 3.2). Four days after the initial 
appearance of the outer epithelium (HH29, day 6) the layer attained the simple 
squamous morphology and robust cytokeratin expression of a definitive 
mesothelium (Figure 3.3 A-D). Thus, the three compartments of the intestine 
including a potential mesothelial progenitor layer, the outer epithelium, are 
established very early in development prior even to intestinal tube formation. 
 
Mesothelial progenitors are resident to the splanchnic mesoderm  
As a first step in identifying the origin of mesothelial progenitors, it was 
necessary to determine whether the outer epithelium was derived from resident 
cells of the splanchnic mesoderm layer or a migratory progenitor population 
undetected by the analyses described above. Thus, we devised a method to 
label and trace cells of the splanchnic mesoderm over time. A reporter plasmid 
expressing green fluorescent protein (GFP) from the chick β-actin promoter was 
injected into the lateral cavities of HH14 chick embryos, the stage prior to 
establishment of the mesenchymal layer (Figure 3.4 A). Microinjection was 
followed by electroporation with the electrodes oriented directly above and below 
the embryo to direct the DNA ventrally into the splanchnic mesoderm.  
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Figure 3.2 In situ hybridization for Wt1. Nephric precursors and the urogenital 
ridge expressed Wt1 at all stages examined (HH13-HH19). Arrows denote the 
ventral boundary of positive staining. A-B): At HH14, Wt1 was not present within 
the anterior splanchnopleure except at the most dorsal aspect (arrows). C: The 
mesoderm over the vitelline vein (VV) also was Wt1 positive anteriorly at HH14. 
D-F: In the posterior region of HH14 embryos, Wt1 not identified in the 
splanchnopleure. G-I: At HH15, Wt1 expression was variable along the A-P axis 
though expression did extend into the splanchnic mesoderm at some levels. 
Expression was not clearly restricted to the outer epithelium (arrows). J-K: At 
HH19, expression of Wt1, while still variable, was found extending throughout the 
entire splanchnic mesoderm up to the vitelline veins and including the 
mesenchymal layer (arrows). L: Representative image demonstrating Wt1 
expression in the PE (arrows). Note the lack of staining over the myocardium 
(M). DA, dorsal aorta; E; endoderm; FG, foregut; ND, nephric duct; NT, neural 
tube; S, somite; So, somatic mesoderm; Sp, splanchnic mesoderm; SV, sinus 
venosus; UR, urogenital ridge; VV, vitelline vein. Scale bar 40 µm. 
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Figure 3.3 Definitive intestinal mesothelium is present at HH29 (Day 6). A: 
At day 6, a simple squamous, cytokeratin positive (green) mesothelium is present 
surrounding the intestine. B: A basement membrane underlies the mesothelium 
(red, yellow arrow). White arrow indicates the endodermal basement membrane. 
C: Merge. D: Higher magnification of boxed region shown in C). E, endoderm; 
Me, mesenchyme; OE, outer epithelium. 
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Figure 3.4 Electroporation of the splanchnic mesoderm at HH14 
demonstrates labeling of the outer epithelium and mesenchyme. A: 
Schematic demonstrating injection of the GFP reporter plasmid into the right 
lateral cavity of an embryo in ovo. B: Wholemount image of the ventral surface of 
an embryo electroporated at HH14 and then incubated for 6 hours. Electrodes 
were placed near the vitelline artery. GFP was observed in the region near the 
vitelline artery and was restricted to the lateral plates (arrows). C: GFP-positive 
cells localized to the splanchnic mesoderm. D: Boxed area shown in C). GFP-
positive cells were found primarily within the outer epithelium (arrows) with a few 
cells within the mesenchymal layer (arrowheads). No GFP-positive cells were 
identified in the endoderm. E: Merge with TOPRO-3. BV, blood vessel; GN, glass 
needle; H, heart; LC, lateral cavity; LP, lateral plate; Me, mesenchymal layer; N, 
notochord; NT, neural tube; OE, outer epithelium; S, somite, VA, vitelline artery. 
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Embryos were incubated for six hours post-electroporation to allow for 
GFP to accumulate to a detectable level and also encompass the time over 
which the splanchnopleure transitions from two to three layers. Whole mount 
imaging of electroporated embryos revealed bilateral GFP expression restricted 
to the region of the lateral plate near the vitelline arteries demonstrating the 
accuracy of the targeting method (Figure 3.4 B, arrows). Fluorescent imaging of 
sections through the targeted regions at six hours post-electroporation 
demonstrated that GFP-positive cells were present predominantly within the 
outer epithelium (71%; 454/640 total cells counted from four embryos, arrows) 
but also in the underlying mesenchyme (29%, 186/640 total cells counted, Fig. 
3C-E, arrowheads). At no time was endoderm labeled with this method. Embryos 
electroporated between HH15-HH17 demonstrated similar labeling with 66% of 
GFP-positive cells within the outer epithelium (316/482 total cells counted, Figure 
3.5). The presence of labeled cells in the outer epithelium and mesenchyme 
indicates the splanchnic mesoderm provides cells to both layers.  
We next sought to determine if cells of the splanchnic mesoderm later 
gave rise to the mesothelium. For this experiment, embryos were electroporated 
between HH15-HH17 and incubated for eight days (the limit of GFP detection 
using this method) to day 10 of chick development. Examination of resulting 
small intestines revealed labeled cells were clearly resident within the 
mesothelial layer. These GFP-positive cells exhibited features typical of 
mesothelium including a close association with the basal lamina and a squamous 
morphology (Figure 3.6 A-D, arrows). In addition to the mesothelium, 
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Figure 3.5. Electroporation of the splanchnic mesoderm at HH15. A) Section 
though an embryo 6 hours post-electroporation. Both right and left sides of the 
embryo were targeted (boxed areas) B-E) Higher power views of boxed areas. 
Cells within the outer epithelium (arrows) and mesenchyme (arrowheads) were 
GFP-positive. DA, dorsal aorta; E, endoderm; LC, lateral cavity; Me, 
mesenchymal layer; NT, neural tube; OE, outer epithelium; S, somite. 
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GFP-positive cells were identified throughout the gut tube including the 
muscularis externa (arrows) and penetrating as deep as the submucosa 
(arrowhead, Figure 3.6 E-H). Labeled cells were never observed in the 
endodermal mucosa. These data demonstrate that mesothelial precursors are 
resident to the splanchnic mesoderm and outer epithelial layer of the primitive 
intestine.  
We utilized a second direct labeling approach to confirm and extend our 
findings. For these experiments, we used a replication incompetent retrovirus 
with broad tropism and a GFP reporter gene. Incorporation of the retroviral 
genome into infected cells allows for long term tracing without dilution of the label 
through cell division. High titer retrovirus was injected into the lateral cavities of 
HH14-17 embryos in the same manner as the electroporation plasmid to label 
the surface cells throughout the time points at which the splanchnopleure 
transitions between two to three compartments. Embryos were then incubated 14 
days (to day 17 of development, hatching occurs at day 21) before the gut tubes 
were harvested. 
Isolated gut tubes were first examined in whole mount for GFP 
expression. In embryos infected at HH14, a time prior to appearance of the 
middle mesenchymal layer, GFP-positive cells were present throughout the gut 
tube and mesentery and many appeared localized to the surface (Figure 3.7 A, 
arrows). GFP-positive cells also clearly associated with the vascular tree (Figure 
3.7 B-B’, arrows) and distributed in deep layers (Figure 3.7 C, arrows). 
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Figure 3.6 DNA electroporation demonstrates that splanchnic mesoderm 
harbors mesothelial progenitors. Sections through gut tubes of embryos 
electroporated at HH15-HH17 and incubated 8 days. A-D: GFP-positive cells 
(arrows) were identified within the squamous mesothelial layer of the intestine 
associated closely with the basement membrane (laminin, red). E: GFP-positive 
cells were also identified within the forming alpha-smooth muscle actin (SMA) 
positive muscularis externa (boxed region) and into the submucosa (arrowhead). 
F-H: Higher magnification of boxed region. GFP-positive cells within the 
muscularis externus were not SMA-positive (arrows). ME, muscularis externa; 
Mu, mucosa; SM, submucosa. 
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Figure 3.7 Long term retroviral lineage tracing of splanchnic mesoderm. 
Wholemount images of intestine from embryos infected with virus between 
HH14-HH17 and analyzed 14 days later. A: High magnification of intestinal 
surface demonstrated cells resembling mesothelium with prominent nuclei and 
broad cell processes (arrows). B: Brightfield image of gut tube demonstrating the 
vasculature (arrows). B’: GFP fluorescence of gut tube pictured in B). GFP-
positive cells surrounded the vasculature within the mesentery and intestine 
(arrows). C: GFP-positive cells were also found distributed deeply in the intestine 
(arrows). GT, gut tube; VA, vitelline artery. 
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Upon sectioning, surface GFP-positive mesothelial cells with a squamous 
morphology were clearly identified in close association with the external basal 
lamina (Figure 3.8 A-B, arrowhead). GFP-positive vascular smooth muscle cells 
were also present consistent with previously published data (Wilm et al., 2005). 
Other GFP-positive, SMA-negative cells were identified peripheral to the vascular 
media within the adventitia (Figure 3.8 C-D). We did not identify any GFP-
positive endothelial cells. GFP-positive cells were also identified within the 
submucosa and muscularis externa but not within the mucosal epithelium (Figure 
3.8 E). Only 5% of GFP-positive cells localized within the muscularis externa 
were visceral smooth muscle cells (alpha-smooth muscle actin (SMA)-positive 
and spindle shaped) (Figure 3.8 F-H, arrowheads). The phenotype of the 
remaining cells could not be identified by morphology or by specific markers of 
smooth muscle, neurons, or epithelia and might best be characterized as 
stromal/mesenchymal by their location within the organ wall (Figure 3.8 J, L and 
data not shown). In embryos infected with the retrovirus between stages 15-17, 
after division of the splanchnic mesoderm into outer epithelium and 
mesenchyme, the same GFP-positive populations were identified at day 17 of 
development (Figure 3.8 I-L). This independent assay confirmed that resident 
splanchnic mesoderm was the origin of mesothelium and that these cells are 
maintained within the definitive mesothelium.  
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Figure 3.8 Lineage tracing of splanchnic mesoderm reveals mesothelial, 
perivascular, and mesenchymal derivatives. A-H: Sections of intestine from 
embryos infected between HH13-14 and isolated 14 days later. A: Squamous 
GFP-positive cells frequently populated the mesothelium (arrowheads) closely 
associating with the basement membrane (red, laminin). B: High magnification of 
boxed area in A). C: GFP-positive cells associated with large mesenteric blood 
vessels. D: High magnification of boxed area in C) demonstrates GFP-positive 
vascular smooth muscle cells (arrow) and perivascular cells (arrowhead). E: 
GFP-positive cells were identified within the muscularis externa. F-H: High 
magnification of boxed area shown in E). A rare population of GFP-positive cells 
found within the muscularis externus were spindle shaped and SMA-positive 
(arrowheads). I-L: Sections of intestine from embryos infected between HH15-17 
and isolated 14 days later. I: Squamous GFP-positive cells populated the 
mesothelium (arrowheads) closely associating with the basement membrane 
(red, laminin). J: SMA-negative mesenchymal cells within the muscularis externa 
layer (arrowheads). K: GFP-positive vascular smooth muscle cells (arrowheads). 
L: Submucosal GFP-positive, SMA-negative cells. M, mesothelium; ME, 
muscularis externus; Mes, mesentery; Mu, mucosa, SM, submucosa.  
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Intestinal mesothelial progenitors are localized broadly throughout the 
splanchnic mesoderm 
The current data establish that cells resident to the splanchnic mesoderm 
give rise to intestinal mesothelium. We next sought to determine if the majority of 
cells were derived from this resident population of progenitors and if the potential 
to generate mesothelium from resident cells was distributed broadly throughout 
the splanchnic mesoderm or restricted to subdivisions of the gut.   
To address these questions, we developed a chick-quail chimera assay to 
analyze gut development. Bilateral splanchnopleure was isolated from HH13-17 
quail embryos, divided into 6-7 pieces along the A-P axis, and then transplanted 
individually into the right lateral cavities (precursor to the coelomic cavity) of chick 
embryos staged between HH16-18 (Figure 3.9 A). The host chick embryos were 
incubated for 14 days post-transplantation (corresponding to day 16.5 of quail 
development) and then harvested to identify where the transplanted tissue 
incorporated and whether mesothelial differentiation transpired.  
Strikingly, the transplanted splanchnopleure did not incorporate into the host gut 
tube but rather formed an independent “gut tube” within the coelomic cavity 
connected to the host only through a mesentery (Figure 3.9 B). At 14 days post-
transplantation, graft-derived gut tubes were similar to a normally developing 
small intestine with an elongated tubular shape and a single dorsal mesentery 
(Figure 3.9 C, brackets) housing a well organized vasculature (Figure 3.9 D, 
arrowheads; observed in 16 chick-quail chimeras). Transverse sections through  
graft-derived gut tubes demonstrated a remarkable intestinal  
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Figure 3.9 Transplanted splanchnopleure forms a highly structured gut 
tube. A: Transplants were generated by cutting along the dorsal aspect of the 
splanchnopleure (1) and the ventral edges near the vitelline veins (2). The 
splanchnopleure was then cut along the A-P axis (3) to generate 6-7 pieces for 
transplantation. B: A representative graft-derived gut tube 8 days after 
transplantation. The graft had generated a tube and attached to the mesentery of 
the host gut tube. C: A representative graft-derived gut tube 14 days after 
transplantation (G, bracketed). The graft-derived gut tube was attached to the 
host (H) via a mesentery. D: The mesentery of the graft-derived gut tube 
contained a regular arrangement of blood vessels (arrowheads). E-G: Sections 
through the graft-derived gut tube demonstrated normal morphogenesis with villi 
(arrowheads), submucosa (SM), and a SMA-positive muscularis externus layer. 
All layers were derived from quail cells (QCPN-positive, green). E, endoderm; Ec, 
ectoderm; G, graft-derived gut tube; H, host gut tube; LC, lateral cavity; M, 
mesothelium; ME, muscularis externa; Mu, mucosa; NT, neural tube; S, somite; 
So, somatic mesoderm; Sp, splanchnic mesoderm; SM, submucosa; VA, vitelline 
artery; VV, vitelline vein. 
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organization with an inner mucosa with villus folds (arrowheads), a submucosa, 
and a muscularis externa with smooth muscle differentiation (Figure 3.9 E-G). 
Staining for quail specific QCPN demonstrated all layers of the graft were quail 
derived (Figure 3.9 E-G). Specific regions in the graft did not stain with QCPN but 
were positive for a pan-neuronal marker, PGP9.5 (Figure 3.10 A-E asterisks). 
Co-staining for a marker of chick cells (8F3) and PGP9.5 confirmed these cells 
originated from host neural crest cells (Figure 3.10 F-J). Interestingly, the host-
derived neural crest cells that invaded the graft organized into typical 
submucosal and myenteric plexuses (Figure 3.10). Transplanted 
splanchnopleure isolated both prior to (HH13-HH14) and after (HH15-17) 
establishment of a trilaminar configuration produced identical results (Figure 
3.11). 
Co-staining for QCPN with cytokeratin revealed that mesothelium covering 
the graft-derived gut tube and within the mesentery originated from transplanted 
quail splanchnopleure (Figure 3.11 A-F, arrowheads). We quantified the number 
of mesothelial cells in graft-derived gut tubes that were QCPN-positive and found 
that on average 85% of mesothelial cells were quail derived. Furthermore, 94% 
of mesothelial cells in graft-derived gut tubes were negative for a marker specific 
to chick cells (8F3) (Figure 3.11 G-I). The difference between the two 
percentages is likely due to the variation in staining patterns; QCPN is a 
perinuclear antigen often with distinct puncta of staining while 8F3 is cytoplasmic 
and more easily visualized (Figure 3.11 J-L). Both figures denote the great 
majority of graft-derived mesothelial cells were derived from transplanted tissue. 
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Figure 3.10 Invasion of graft-derived gut tube by chick neural crest. A: 
Neuronal cells identified by PGP9.5 staining were found throughout the graft-
derived gut tube organized into submucosal (arrow) and myenteric plexuses 
(arrowhead). B-E: Higher magnification of boxed area in A). QCPN-negative cells 
within the graft (asterisks) were PGP9.5-positive (arrowheads). F-J: Staining for 
the chick cell marker 8F3 co-localized with PGP9.5 staining (arrowheads). K-N: 
Immunostaining for QCPN and PGP9.5 in a host gut tube demonstrating the 
typical organization into submucosal (arrow) and myenteric (arrowhead) 
plexuses. L: QCPN-positive cells were not found within the host gut tube. M, 
mesothelium; ME, muscularis externa; Mu, mucosa; SM, submucosa. 
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Figure 3.11 Graft mesothelium is quail derived. A-C: Section of graft-derived 
gut tube generated from tissue isolated from the anterior splanchnopleure of a 
HH16 quail donor. Co-staining for QCPN and cytokeratin demonstrated that the 
mesothelial cells lining the graft were quail derived (arrowheads). D-F: Section of 
a graft-derived gut tube generated from the posterior splanchnopleure of a HH14 
quail donor. QCPN staining demonstrates the mesenteric mesothelium is quail 
derived (arrowheads). G-H: Host-derived cells (8F3-positive) were also identified 
within the graft (arrows). However, 8F3-positive chick cells were only rarely (6%) 
identified within the mesothelial layer (arrowheads) of the graft-derived gut tube.  
J-L: Staining of a chick (host) gut tube reveals mesothelial cells (arrowheads) 
robustly label with the chick marker 8F3. GT, gut tube; Mes, mesentery. 
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Tissue morphogenesis was identical between both anterior and posterior derived 
grafts and, critical to the current studies, the mesothelium was always quail-
derived regardless of whether the graft was obtained from an anterior or posterior 
location in the source splanchnopleure (100% of cases examined, Figure 3.11 A-
F). Taken together, these data demonstrate that mesothelial progenitors are 
broadly distributed along the A-P axis of the intestine and there is not a localized 
or restricted PE-like source of mesothelial cells. 
 
Discussion 
 
Mesothelia are essential for the generation of diverse cell types within all 
coelomic organs investigated thus far (Asahina et al., 2011; Eralp et al., 2005; 
Mikawa and Gourdie, 1996; Perez-Pomares et al., 2004; Que et al., 2008; Wilm 
et al., 2005). Despite the importance of this cell type in organogenesis, the origin 
of mesothelium had only been established in the heart where mesothelium is 
derived from a localized, extrinsic cell population, the PE. Identification of the 
origin of mesothelial cells is essential for studies of the molecular regulation of 
mesothelial differentiation, vascular formation, and mesothelial-dependent 
signaling in intestinal development and organogenesis in general. Here, using 
three independent methods, we demonstrate that intestinal mesothelium is 
derived from a resident population of cells broadly distributed within the 
splanchnic mesoderm. Thus, gut mesothelium does not arise in the same 
manner as described in the heart and reveals a novel paradigm for the 
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generation of this essential cell type. Discovery of the origin of gut mesothelium 
is critical for further analysis of regulatory mechanisms governing mesothelial 
development, repair in the adult, and origin of disease. 
Previously, we demonstrated through a genetic lineage tracing study in 
mouse that vascular smooth muscle cells of the intestine were derived from 
mesothelium. Furthermore, expression of Wt1 was first observed in the 
mesentery and then progressively encompassed the intestinal tube suggesting a 
migratory mesothelial population may exist as observed in the heart (Wilm et al., 
2005). However, a PE-like structure or clear evidence of a migratory population 
was not identified. Furthermore, Wt1 is not a marker specific only to mesothelium 
(Zhou et al., 2011). Here, through the use of direct labeling and transplantation 
studies in the avian embryo, we have demonstrated that mesothelial progenitors 
of the intestine are broadly resident to the splanchnic mesoderm and not derived 
from an exogenous migratory source. This progenitor population is present prior 
to tube formation but does not specifically express Wt1. While there may be 
variation between species in intestinal mesothelial origin and Wt1 expression 
patterns, it is possible that murine mesothelial progenitors are also resident 
broadly in the intestine and Wt1 is expressed in a dorsal-ventral direction as 
mesothelial differentiation proceeds. Still, further experimentation is needed to 
resolve this issue amongst different species. 
The intestines, lungs, liver, and pancreas are all gut tube derivatives 
formed from endoderm or endodermal buds that are surrounded by splanchnic 
mesoderm. In contrast, the heart wall is not a gut tube derivative but rather is 
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derived solely from splanchnic mesoderm excluding endoderm dorsally. The 
splanchnic mesoderm comprising the majority of the heart wall is not thought to 
contain mesothelial progenitors (Gittenberger-de Groot et al.; Manner et al., 
2005). In contrast, the present study demonstrates that mesothelial precursors 
are resident broadly to the surface of the developing gut splanchnic mesoderm 
prior to endodermal budding and mucosal differentiation. Considering the unique 
features of cardiac development and the early specialization of the cardiac 
splanchnic mesoderm (i.e. it is a contractile tube before PE-derived mesothelium 
contacts the organ), we postulate mesothelial development in the lungs, liver and 
pancreas as gut tube derivatives will be found to more closely resemble the 
intestinal rather than the cardiac model of mesothelial development. 
The molecular foundation for the variation in proepicardial and intestinal 
mesothelial development is currently unknown. However, Ishii et al. report that 
the liver bud is at least partially responsible for induction of markers of the PE 
including Wt1, Tbx18 and capsulin. Liver bud transplanted ectopically into the 
lateral embryo distal to the heart induced Wt1 in the closely adjoining tissue. 
Interestingly, the lung bud and stomach did not have similar inductive capabilities 
in that system (Ishii et al., 2007). For the majority of the mesothelium not in 
contact with the liver bud, alternative inductive tissues and signals must be 
involved. Other studies have uncovered potential roles for BMP in villous 
protrusion of the PE (Ishii et al., 2010), a behavior observed in cardiac but not 
intestinal mesothelial development (from the current study), and for both BMP 
and FGF signals in the lineage specification of epicardial cells (Kruithof et al., 
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2006; Schlueter et al., 2006). With identification of the fundamental mechanism 
of intestinal mesothelial formation, studies on the molecular regulation of 
behaviors unique to either the intestinal or cardiac mesothelium can proceed. 
While the origin of mesothelial cells in the intestine and heart are clearly 
divergent, there do exist conserved features of mesothelial development and 
differentiation. The presence of a small number of host mesothelial cells in graft-
derived gut tubes suggests that intestinal mesothelium can be migratory as 
previously observed with epicardial mesothelium. Whether this is a normally 
occurring event in gut development or simply a “blending” of cells in this 
particular experimental model, it is evident that mesothelial progenitors of the gut 
and/or definitive gut mesothelium are capable of movement or active migration. 
Mesothelial cells in the heart, lungs, intestines, and liver all give rise to stromal 
cells including vascular smooth muscle, endothelium, fibroblasts, and other 
“mesenchymal” cells (Asahina et al., 2011; Dettman et al., 1998; Eralp et al., 
2005; Mikawa and Gourdie, 1996; Perez-Pomares et al., 2004; Que et al., 2008; 
Wilm et al., 2005). Both cardiac and peritoneal mesothelia of the adult retain the 
ability to generate stromal progeny. When stimulated, adult omental mesothelial 
cells differentiate into vascular smooth muscle cells and can directly contribute 
cells to an injured blood vessel (Kawaguchi et al., 2007; Shelton et al., 2012). 
Fibroblast and vascular smooth muscle cell differentiation from previously 
quiescent mesothelium has also been observed following myocardial infarction 
(Zhou and Pu, 2011). Thus, while the mechanism generating intestinal 
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mesothelial cells is different from that of the heart, once established, these two 
progenitor populations appear to have similar differentiative potentials.  
Other disease processes involving mesothelia reflect the developmental 
potential of this cell type. For example, peritoneal sclerosis, a fibrotic thickening 
of the abdominal serosal membranes, is frequently observed following peritoneal 
dialysis (Devuyst et al., 2010). Mesothelial cells have recently been recognized 
both as a source of fibrotic cells and a signaling center for aberrant 
vasculogenesis (Aroeira et al., 2005; Braun et al., 2011; Yanez-Mo et al., 2003; 
Yung and Chan, 2009). In another example, pulmonary fibrosis is first observed 
as a fibrotic thickening just below the pulmonary mesothelium that progressively 
moves inward (King et al., 2011). The role of mesothelium in this disease has 
also recently been the focus of studies and reviews as a signaling center or 
source of fibrotic cells (Acencio et al., 2007; Decologne et al., 2007; Mutsaers et 
al., 2004). These pathologies have a direct root in the developmental potential of 
mesothelium to give rise to fibroblasts and vascular smooth muscle. Thus, 
investigation of the diversity of mesothelial populations is critical to understanding 
their behavior in these various organs systems and disease processes.  
Following discovery of the proepicardium, studies on development of 
cardiac mesothelium were able to rapidly progress. Currently, our understanding 
of epicardial biology encompasses the detailed cell lineage, mechanisms of 
molecular differentiation during development, and pathological behavior. We are 
now poised to move forward with similar studies of non-cardiac mesothelial 
populations. Mesothelial cells of diverse organs and body cavities have been 
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considered a uniform population due to their ultrastructural similarity and 
apparent shared developmental potential. Our data demonstrate that at least 
cardiac and intestinal mesothelia are heterogeneous populations with varied 
developmental histories that must be considered independently. Understanding 
the developmental origin of diverse mesothelia is essential for understanding the 
role mesothelial, vascular, and stromal cells may play in the development and 
homeostasis of these organs in the adult. 
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CHAPTER IV 
 
CELLULAR POTENTIAL VARIES BETWEEN HEART AND INTESTINAL 
MESOTHELIAL CELL POPULATIONS IN THE EMBRYO 
 
 
This chapter contains unpublished data and is formatted for submission to 
Development as a Research Report with the following authors: 
Rebecca T. Thomason, Nichelle I. Winters, David M. Bader 
 
Abstract 
 
Mesothelium is an epithelial sheet that covers organs in the coelomic 
cavity and is involved in development of the vascular system. In the developing 
heart, the proepicardial organ (PE), migrates to and over the heart to form the 
epicardium, and undergoes epithelial-mesenchymal transition (EMT) to give rise 
to the cells of the coronary blood vessels. The gut mesothelium serves as a 
major source of vascular smooth muscle cells for the gut tube in development. 
Based on current data, mesothelial cells play important roles in organ protection 
and formation of blood vessels in the heart and gut tube, suggesting similarities 
between the two populations. Thus, we hypothesize that heart and intestinal 
mesothelial cell populations possess similar cellular competencies and will 
integrate into any coelomic organ. First, we characterized the intestinal 
mesothelium in the avian embryo using histological and molecular techniques to 
determine the cell types present at time of transplantation. In addition, 
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mesothelial isolates were cultured to determine differentiative capacity. To test 
the plastic nature of mesothelial cells, we utilized the chick-quail chimera system 
to transplant quail PE and epicardial cells into the peritoneal cavity of a chick 
embryo and quail intestinal mesothelial cells into chick pericardial cavity. Our 
initial findings revealed that both cell types migrate into coelomic organs. 
Intestinal mesothelial cells incorporated into the endogenous epicardium and 
contributed vascular smooth muscle cells, fibroblasts, and myofibroblasts to the 
heart. However, PE and epicardial cells did not incorporate into the endogenous 
gut mesothelium, but retained epithelial characteristics. Taken together, our 
current data suggest divergent cellular characteristics and potential between 
heart and intestinal mesothelial cell populations.  
 
Introduction 
 
 Mesothelia are simple squamous epithelia that cover organs and line all 
coeloms in vertebrates. In the adult, this ubiquitous cell type functions to provide 
a lubricated and smooth surface upon which organs move in their respective 
coelomic cavity (Mutsaers, 2004). While seemingly innocuous in appearance, 
mesothelia have well documented roles in diverse disease states and repair 
models.  
Interestingly, mesothelia are absent from all primordia at the initiation of 
organogenesis. To date, the mesothelial field has focused on deciphering the 
developmental origins in and contributions to the heart. During early heart 
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development, an epithelial sheet of cells (the proepicardium or PE) arising from 
the region of the sinus venosus migrates to and over the organ establishing a 
definitive mesothelium (Ho and Shimada, 1978; Ishii et al., 2007; Manasek, 1969; 
Männer, 1992; Nahirney et al., 2003; van Wijk et al., 2009; Virágh and Challice, 
1973). Specific cells within this mesothelium undergo epithelial-to-mesenchymal 
transition (EMT) to produce a freely migratory population of progenitors which in 
turn differentiate into vascular smooth muscle and pericytes, and stromal cells of 
the myocardial wall (Dettman et al., 1998; Gittenberger-de Groot et al., 1998; 
Männer, 1999; Mikawa and Gourdie, 1996; Vrancken Peeters et al., 1999; 
Wessels and Pérez-Pomares, 2004). The PE also provides endothelial cells for 
coronary vasculogenesis although their relationship to the mesothelial epithelium 
of the PE has not been definitively resolved (Katz et al., 2012; Mikawa and 
Gourdie, 1996; Red-Horse et al., 2010). Thus, the PE represents an exogenous 
and localized group of progenitors whose descendants produce organ 
mesothelium and are essential for vasculogenesis within the heart.  
 Recently, our group analyzed the generation of mesothelium in a second 
model system. Using long-term lineage tracing and chimeric analysis, Winters 
and colleagues demonstrated that gut mesothelium is generated in a completely 
different manner from that previously observed in the heart (Winters et al., 2012). 
In the case of the small intestine, mesothelial progenitors were not present as a 
migratory and exogenous cell population but, instead were widely distributed 
within the splanchnic mesoderm and endogenous to the gut anlagen. While the 
mechanism of generating this type of mesothelium is completely different from 
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that observed in the heart, gut mesothelium is the major contributor of 
vasculogenic smooth muscle in the developing gastrointestinal tract (Wilm et al., 
2005).  
 Based on data demonstrating that both heart and gut mesothelial cells 
cover organs, undergo EMT, and contribute cells to the vasculature and 
mesenchyme of the organ, I hypothesized that there is a comparative 
development potential between heart and gut mesothelium. However, in light of 
new data demonstrating varying origins of the mesothelial populations (Winters 
et al., 2012), we also asked: do progenitor populations share this same 
interchangeable potential? Using chick-quail chimera techniques, mesothelial 
populations were transplanted into opposing cavities to determine if exogenous 
mesothelium would contribute known cell types to that organ. In this study, I 
demonstrated that only transplanted intestinal mesothelium does indeed possess 
an exchangeable capacity in the heart, contributing to the endogenous 
mesothelial population, vascular smooth muscle cells, and mesenchymal cells. 
Interestingly, transplanted PE and epicardial cells did not possess this same 
interchangeable potential when transplanted in the peritoneum.  The implications 
of this work are significant in establishing embryonic mesothelial properties as 
well as the critical potential of these cells when utilized in therapies and 
regeneration in the adult. 
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Material and Methods 
 
Immunohistochemical Analysis 
All embryos and organ tissue were fixed in a 4% formaldehyde (Sigma 
F1635) in phosphate buffer solution (1X PBS, pH 7.4) at 4°C or at room 
temperature depending on tissue size. The samples were washed with 1X PBS 
(pH 7.4), cryoprotected in 30% sucrose, embedded in OCT (TissueTek 4583) 
and sectioned at 5µm -7µm. Slides were rehydrated and washed with 1X PBS, 
then perforated with a 0.2% Triton-X 100 (Sigma T9284) for ten minutes, washed 
again with 1xPBS, and blocked in 10% Goat Serum (Invitrogen 16210-072), 1% 
BSA (Sigma A2153) in 1X PBS. Samples were then treated with primary 
antibodies (QCPN (DSHB) and αSMA (Abcam ab5694; 1:200)) overnight at 4°C. 
Slides were then washed with PBS and treated with secondary antibodies (Alexa 
488 and 568 (Invitrogen A11001, A11004; 1:500) and DAPI (Invitrogen D3571; 
1:10,000)). For four-channel labeling, slides were viewed using an Olympus FV-
1000 confocal microscope (Vanderbilt CISR) to determine the locations of 
QCPN+ cells, and then direct labeled using the Zenon Alexa Fluor Antibody 
Labeling Kits (Invitrogen: Z-25008, Z-25308, Z-25108) for laminin (Abcam 
ab11575), cytokeratin (Abcam ab9377), and MF20 (DSHB)). Slides were washed 
and mounted with ProLong mounting agent (Invitrogen P36930).  
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Characterizing Mesothelial Isolates 
Mesothelia was isolated from E8, E10, or E12 embryonic hearts and 
intestine via microdissection from quail (Coturnix coturnix japonicia) embryos 
were staged accordingly (Ainsworth et al., 2010). Isolates were fixed for 1 hour in 
4% formaldehyde in 1XPBS (pH 7.4), washed with 1XPBS, then sectioned and 
antibody labeled using the same techniques as described above in 
Immunohistochemical Analysis. All samples were imaged on the Olympus FV-
1000 confocal microscope (CISR Core).   
 
RT-PCR 
PE and gut mesothelial tissues were isolated from chick and quail 
embryos. RNA was extracted from the isolates and cDNA was synthesized with 
Multiscribe reverse transcriptase (Invitrogen 4311235) and random primers, and 
then used in PCR reactions with the following primers (5’-3’): Wt1 
GGGACTCCGAGCTACGGCCA and AGGGTTTCACACCTGTGTGTCGT, Tbx18 
TCAGGACGTAACAGAATGGGACTGG and TCCGTACAGCGCACAGGGACT, 
GAPDH CAGCCTTCACTACCCTCTTG and ACGCCATCACTATCTTCCAG. 
 
Mesothelial Cultures 
Mesothelial isolates were dissected from HH14-16 PEs and E6, E8, E10, 
and E12 hearts, foregut and midguts in quail embryos. PE, epicardium, and gut 
mesothelial tissue were gently treated with Collagenase Type I (BD Biosciences 
354236) and dissected into small pieces. The isolates were placed on 
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fibronectin-coated eight well slides (Nunc 154534) and cultured in Medium199 
medium (Hyclone SH3025301) supplemented with 10% FBS (Hyclone 
SH3007103) and 1:1000 Penicillin/Streptomycin (Hyclone SV30010). Cultures 
were incubated at 37°C in 5% CO2 for four to five days. The cells were fixed in 
4% formaldehyde and labeled with antibodies including: cytokeratin (epithelial), 
QH1 (endothelial), and αSMA (smooth muscle) (see Immunohistochemical 
Analysis). All slides were then mounted with Prolong Gold (Invitrogen P36930) 
and imaged on the Olympus FV-1000 confocal microscope (CISR Core). 
 
PE, Epicardial, and Gut Mesothelial Transplants 
Quail tissue was dissected in 1XPBS from HH14-16 (PE) and E6, E8, E10 
or E12 staged embryos. Non-mesothelial tissue was gently teased away from 
mesothelium, and then dissected into small pieces. 1% BSA coated pipette tips 
were used to carefully transfer isolates into 96-well plates containing a 3% 
neutral red solution (Sigma 4628) dissolved in Medium199 and placed in a 37°C 
incubator for 15 minutes. Samples were gently washed before transplantation. 
Chicken eggs (Gallus gallus domesticus) were windowed and embryos were 
lightly stained with a strip of neutral red (0.2mg/ml) in 1% agar then staged at 
HH13-17. Using forceps and a tungsten needle, a small hole was made in the 
pericardial cavity or between the splanchnic and somatic mesoderm in the chick 
embryo and the mesothelial isolate was placed. 1XPBS containing 1% 
penicillin/streptomycin solution was added to replace the volume in the egg, then 
the window was sealed with tape and eggs were incubated for 2-15 days. 
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Embryos were dissected, fixed, embedded, sectioned, and antibody labeled for 
analysis. Immunohistochemical analysis was performed as described above.  
 
Results  
 
Mesothelial isolates label with epithelial markers  
Mesothelial cells are simple squamous epithelial sheets that cover 
coelomic organs. During development, some mesothelial cells undergo EMT, 
migrating into the layers of tissue beneath the mesothelial surface (Männer, 
1999; Mikawa and Gourdie, 1996; Vrancken Peeters et al., 1999). Previous 
studies have demonstrated that mesothelial cells can be successfully cultured to 
determine the cell types to which mesothelia give rise (Bax et al., 2011; Cross et 
al., 2011; Kawaguchi et al., 2007; Yung and Chan, 2007). Additionally, PE cells 
have been transplanted in vivo to elucidate cell potential and lineage within an 
organism (Gittenberger-de Groot et al., 1998; Männer, 1999; Pérez-Pomares et 
al., 1997). In order to confirm that our isolates (PE, epicardium, and intestinal 
mesothelium) were epithelial in composition, we performed antibody labeling and 
RT-PCR analysis before transplantation. The isolates from the epicardium and 
intestine mesothelium were dissected, prepared for sectioning and antibody 
labeled. Epicardial and intestinal mesothelial isolates stained positive for laminin, 
cytokeratin, and fibronectin, confirming these tissues were comprised of epithelial 
cells (Figure 4.1 A-C, F-H). To determine if the isolates contained any vascular 
markers, they were labeled with the endothelial marker QH1 and smooth muscle 
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marker, αSMA (Figure 4.1 D-E, I-J, arrowhead). Few endothelial cells were 
identified and no smooth muscle cells were labeled in the isolates, confirming 
that the isolates were mainly epithelial.  
More specific markers for mesothelium include the two transcription 
factors Wt1 and Tbx18. Both Wt1 and Tbx18 were expressed in quail PE isolates 
and intestinal mesothelial isolates at E8, E10 and E12 in both quail and chick 
(Figure 4.1 K, L). We observed reduced expression of Tbx18 in E8 isolates, in 
comparison to E10 and E12 isolates (Figure 4.1 K, L). This result indicates that 
Tbx18 may be transiently expressed in the gut mesothelium. Overall, these data 
demonstrate that our starting product was epithelial in nature and did not contain 
any smooth muscle cells when transplanted into the host embryo.  
 
Cultured mesothelial isolates differentiate into smooth muscle cells 
Mesothelial cells are readily cultured and utilized to study the potential  
differentiative properties (Bax et al., 2011; Cross et al., 2011; Kawaguchi et al., 
2007). To establish that cultured tissue can differentiate into smooth muscle cells 
in culture, PE, epicardial, and intestinal mesothelial isolates were each dissected 
from quail embryos and placed in culture. When grown for four to five days, the 
isolates migrated in a radial manner throughout the culture dish and labeled with 
epithelial markers, cytokeratin, and vascular markers, specifically SMA and QH1 
(Figure 4.2 A-I). Most PE cells retained cytokeratin labeling and abundant 
smooth muscle cells at the leading edges (Figure 4.2 A, B). Epicardial cells in 
culture for this time period were mostly smooth muscle
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Figure 4.1 Mesothelial isolates are epithelial and contain no smooth muscle 
cells. A-E: Isolated quail epicardium at E12. F-J: Isolated quail gut mesothelium 
at E12. All isolates were labeled with epithelial markers (A, F cytokeratin; B, G 
fibronectin; C, H laminin) to confirm mesothelial nature of isolates before 
transplantation. Few cells in the isolates labeled for vascular markers QH1 
(endothelial cells; D, I) and no cells labeled with αSMA (α-smooth muscle actin; 
E, J). K-L: RT-PCR of quail PE and intestinal mesothelial isolates revealed 
expression for Wt1 and Tbx18 E8, E10, and E12 quail and chick isolates. 
GAPDH expression was present in all samples as a positive control. All scale 
bars 10µm. 
 138 
positive with a few cytokeratin cells interspersed between (Figure 4.2 D, E). 
Intestinal mesothelial cultures contained very few cytokeratin cells and were 
smooth muscle positive at the leading edges and throughout most of the culture 
(Figure 4.2 G, H). Interestingly, αSMA in the intestinal mesothelial isolates was 
much more robust than in the epicardial cells (compare Figure 4.2 E with Figure 
4.1 H). This observation suggests that smooth muscle cells derived from 
epicardial isolates in vitro fluctuate in differentiate potential compared to intestinal 
mesothelial isolates. Additionally, in all cultures we observed some endothelial 
positive cells, most likely originating from the isolate (Figure 4.2 C, F, I). These 
data provide evidence that cultured mesothelial cells give rise to the same cell 
types, although differences in cell differentiation were observed. Due to this 
variability, we next investigated the potential of each isolate in vivo. 
 
Transplanted intestinal mesothelial cells incorporate into analogous heart 
structures 
Once mesothelial cells cover organs, their histology and function appear 
almost synonymous (Gittenberger-de Groot et al., 1998; Mikawa and Gourdie, 
1996; Wilm et al., 2005). Thus, we hypothesized that the gut mesothelium would 
recapitulate migration of PE cells and differentiate into vascular cells when 
transplanted into the pericardial cavity. Using the chick-quail chimera system, 
quail mesothelia microdissected from the foregut and midgut was positioned near 
the heart of a chick host. Images of antibody labeled cells positive for QCPN 
(Quail not-Chicken Perinuclear marker) revealed that transplanted mesothelial 
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Figure 4.2 Cultured mesothelial isolates differentiate into smooth muscle 
cells. A-I: PE, epicardial, and intestinal mesothelial isolates labeled cytokeratin, 
αSMA, and QH1. A-C: PE isolates differentiated into smooth muscle (αSMA) (B) 
but not endothelial cells (C). D-F: Epicardial cells displayed weak smooth muscle 
but robust endothelial differentiation. G-I: Intestinal mesothelial cells retained 
their mesothelial identity as evidenced by cytokeratin staining (G) but also 
exhibited smooth muscle and endothelial phenotypes (H, I). All images were 
collected using comparable exposure settings. All scale bars 10µm.  
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cells migrated into the heart, spread throughout the endogenous epicardium and 
through many layers of tissue including the submesothelial space and 
myocardium (Figure 4.3 A-D). The incorporation of QCPN-positive cells into the 
epicardium was corroborated by co-labeling with cytokeratin (Figure 4.3 B-D, 
arrowheads). In samples grown to older stages (E17), sections through the heart 
confirmed the presence of smooth muscle cells within the coronary vessels as 
indicated by αSMA staining (Figure 4.3 F-M, arrowheads). However, in these 
samples, few cells were identified in the myocardium (Figure 4.3 J-M, yellow 
arrowhead). In comparing younger samples to older samples, we observed 
differences in the number of QCPN-positive cells, location of cells in blood 
vessels, and cells found in the endogenous mesothelium. These data 
demonstrate the plasticity of gut mesothelial cells when transplanted into an 
analogous environment. The mesothelial isolates like those of the PE are 
capable of incorporating into mesothelial structures and contributing of smooth 
muscle and fibroblast cells to the heart.  
 
Epicardial cells integrate into organs in the peritoneum 
Epicardial cells are derived from PE cells that have migrated over the 
heart and spread to form a single-layer sheet of cells. Some epicardial cells 
delaminate and dive into the myocardium via EMT to contribute fibroblasts, 
vascular smooth muscle cells, and pericytes to the heart (Gittenberger-de Groot 
et al., 1998; Mikawa and Gourdie, 1996). After testing the potential of gut 
mesothelial cells, we next asked if epicardial cells possess the same ability to 
 141 
Figure 4.3 Gut mesothelium incorporates into epicardium and coronary 
vessels. Quail intestinal gut mesothelial isolates transplanted into the pericardial 
cavity of a chick host. A: E8 intestinal mesothelium transplanted into a HH17 
chick host then analyzed three days later. B-D: Boxed region from A. Quail gut 
mesothelial cells (QCPN (Quail not-Chicken Perinuclear marker), green, 
arrowheads) assimilate into chicken epicardium and labeled with cytokeratin 
(Cyto, blue, arrowheads). Merge is shown in D (nuclei are in gray scale). E: E13 
gut mesothelium placed in the pericardial cavity of a HH13 chick host, then 
analyzed 14 days later reveal quail cells in the heart. F-G: Quail mesothelial cells 
(QCPN, green, arrowheads) in a blood vessel (αSMA, red). H: Merge of F and G, 
QCPN-positive cells were also αSMA-positive. I: E10 intestinal mesothelium 
transplanted into a HH16 chick host then examined 14 days later. J-M: QCPN-
positive cells (green, while arrowheads) were identified in a blood vessel (αSMA, 
red, white arrowheads) and among myocardial cells (MF20, blue, yellow 
arrowhead). QCPN cells clearly co-labeled with αSMA. Nuclei are in gray scale. 
Scale bars: 50µm (A, E, I) and 10µm (B-D, F-H, J-M). Ep, epicardium; GM, gut 
mesothelium; IntMes, intestinal mesothelium; Myo, myocardium.  
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migrate throughout the intestine and contribute vascular smooth muscle cells to 
this organ system. As a positive control, epicardial cells transplanted back into 
the pericardial cavity migrated throughout the organ, contributing cells to the 
epicardium and myocardium as labeled with QCPN (Figure 4.4 A-E). 
Transplanted quail epicardial cells were identified in the host chick epicardium via 
cytokeratin staining (Figure 4.4 B-E, white arrowheads). Quail cells were also 
identified in the subepicardial space and some retained cytokeratin staining 
(yellow arrowheads) while few cells stained positive for αSMA (data not shown). 
In contrast, epicardial cells transplanted into the peritoneum migrated into the 
small intestine but retained cytokeratin markers within the mesenchymal layer, or 
muscle layer (Figure 4.4 F-N). Additionally, a few cells in the mesenchyme were 
αSMA-positive (arrowheads) (Figure 4.4 G-J). We found these observations 
perplexing in that epicardial cells retained cytokeratin staining after migrating into 
the organ, but did not incorporate into the endogenous gut mesothelium. 
Collectively these data demonstrate a possible bias for the epicardial cells. When 
transplanted into the analogous environment these cells do not seem to acquire 
either mesothelial characteristics or other predicted phenotypes such as smooth 
muscle in vessels.  
 
The developmental program of PE cells shifts when transplanted 
As previously discussed, mesothelial cells in the heart and gut are 
different in origin and initial formation. Of the two, proepicardial (PE) cells are the 
progenitor cells of the epicardium and have been well characterized in terms of  
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Figure 4.4 Epicardial cells possess a limited capacity to incorporate into 
intestinal tissues. Isolated quail epicardium transplanted into the pericardial and 
peritoneal cavities of chick hosts revealed limited potential of the cells to 
contribute to the analogous structure. A: Quail epicardium (E10.5; labeled with 
QCPN, green) transplanted into the pericardial cavity of HH16 chick host spread 
throughout the endogenous epicardium, subepicardium and myocardium. B-E: 
Inset from A. QCPN positive cells incorporate and co-label with cytokeratin (blue, 
white arrows) in the chick epicardium. A few quail cells in the subepicardial space 
also co-label with cytokeratin (yellow arrows). F: Transplanted E8 quail 
epicardium into the peritoneal cavity of HH17 chick host, then analyzed 14 days 
later. QCPN-positive cells migrate into the muscle and submucosa of the 
intestine. G-J: Higher magnification of F, upper inset. Quail cells are located in 
the muscle layers (αSMA, red) of the intestine (green) and only a few co-label 
with αSMA (arrowheads). K-N: Higher magnification of lower inset. QCPN-
positive cells co-label with cytokeratin (blue) but not αSMA. No cells incorporated 
into the endogenous gut mesothelium or blood vessels. All nuclei are labeled in 
gray scale. Scale bars: 50µm (A, F) and 10µm (B-E, G-J, K-N). Ep, epicardium; 
IL, inner longitudinal muscle layer; ME, muscularis externa; Mes, mesothelium; 
Mu, mucosa; Myo, myocardium, OC, outer circular muscle layer; OL, outer 
longitudinal muscle layer; SM, submucosa SuEp, subepicardium.   
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cellular interactions, signaling pathways, histology, and regeneration (reviewed in 
(Pérez-Pomares and de la Pompa, 2011). Based on the differing programs of the 
mesothelial progenitor cells, we tested the potential of the PE cells by 
transplanting them into the pericardial cavity of a chick host. As shown in 
previous studies, the PE cells migrate over the endogenous epicardial tissue, 
incorporate into the epicardium, and migrate into the myocardium (Figure 4.5 A). 
In the inverse experiment, isolated PE cells were transplanted into peritoneum 
and the cells incorporated into several developing organs including the gut, liver, 
and/or kidney (data not shown). Interestingly these cells were capable of 
migrating into the organ, but instead of spreading they remained grouped and 
epithelial in nature, staining positive for fibronectin (Figure 4.5 B-I). In both 
samples reported here, the transplanted PE cells were more columnar in shape 
and no cells incorporated into the gut mesothelium. We observed this phenotype 
in several samples and in various coelomic organs. These results suggest that 
the PE cells undergo a shift in developmental program when placed in a seemly 
analogous environment and will not incorporate into the mesothelium or blood 
vessels of that organ.  
Discussion 
 
Mesothelial cells are a major component of the epicardium in the heart 
and serosa of the intestine. In development, mesothelial cells cover the heart and 
intestine, and will contribute important cell types to each organ. While these 
developmental properties are similar, our data suggest that the plastic nature of  
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Figure 4.5 Transplanted PE cells do not incorporate into the gut 
mesothelium. Quail PE cells were transplanted into chick hosts then analyzed. 
A: Representative image of PE cells transplanted into chick pericardial cavity. 
Quail cells (QCPN, green) migrate around and incorporate into endogenous 
chick epicardium, as marked by fibronectin (Fibro, red). Cells also migrate into 
the myocardium. B: Quail PE cells (HH14, QCPN, green) transplanted into the 
peritoneal cavity of a HH16 host then assessed three days later revealed cells in 
the intestinal mesentery, but just below the mesothelial surface. C-E: Higher 
magnification of B. QCPN positive cells (C) also co-labeled with fibronectin (D, 
Fibro, red), indicating retained epithelial characteristics. F: In another sample, 
HH15 PE cells are placed in a HH13.5 chick peritoneal cavity, and analyzed two 
days later. G-I: QCPN-positive cells (G) again migrate into the gut tube, organize 
and cluster just below the gut mesothelial surface. These cells also retain 
epithelial characteristics as per labeling with fibronectin (H, red). Scale bars: 
50µm (A, B, F) and 10µm (C-E, G-I). BV, blood vessel; CC, coelomic cavity; DM, 
dorsal mesentery; Ep, epicardium; Myo, myocardium; OFT, outflow tract.  
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mesothelial cells differ among the populations. Intestinal mesothelial cells will 
migrate into any coelomic organ, but were the only mesothelial cell type that 
incorporated into endogenous epicardium and contributed smooth muscle cells to 
the major vessels of the heart. While transplanted epicardial or PE cells also 
migrated into coelomic organs, they did not incorporate into the endogenous 
mesothelium, or differentiate into non-epithelial cell types. These data identify 
unique incompatibilities between heart and intestinal mesothelial cell capacities, 
which suggest that only heart mesothelial cells are specified and restricted to the 
heart during organogenesis.   
During examination of the mesothelial plasticity, we predicted that 
established mesothelium, such as the epicardium and intestinal mesothelium, 
retained similar capabilities upon transplantation. However, distinctive differences 
between epicardial and intestinal mesothelial potential began to emerge. These 
studies demonstrated the plastic nature of intestinal mesothelium in integrate 
with the heart but an absence in this potential in the epicardium to the intestine. 
These data corroborated previously posed concepts regarding the difference 
between the development of heart and intestinal mesothelial cells, including 
intestinal mesothelial origin (Winters et al., 2012). Thus, the heart mesothelium 
exhibits nonconforming characteristics during development among the coelomic 
organs. These data also lead to questions concerning cell specification within 
coelomic organs, including cell autonomy or regional determination. Previous 
studies have focused on signaling in development of the epicardium and cell 
differentiation, whereas few studies investigate signaling in the intestinal 
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mesothelium. Fundamental analysis of mesothelial signaling and differentiation in 
the intestine are required to determine the mechanisms involved in cell 
specification and communication between intestinal tissues. 
 Transplantation of the PE, the progenitor cell population of the epicardium, 
resulted in similar observed phenotypes to the transplanted epicardium. PE cells 
migrated into coelomic organs, but did not incorporate into intestinal mesothelium 
or intestinal cell types. These data were of particular interest, since they 
demonstrated that progenitor cells might possess differing programs from 
developed mesothelial tissues. As demonstrated in Figure 4.3, epicardial 
mesothelial isolates transplanted into coelomic cavities presented a similar 
migratory and nonconforming phenotype as the PE. Further analysis, is 
necessary to determine if heart mesothelial cells possess intrinsic properties, 
such as direction towards a specific cell type or if the environment, or organs, are 
signaling inhibiting cues to the PE cells, and thus driving them to retain cell 
polarity when placed in an analogous cavity.  
Overall, these data suggest that the PE and epicardial cells appear to 
abide by their own developmental program regarding origin and cell potential. 
Conversely, intestinal mesothelial cells maintain a level of plasticity that permits 
incorporation and contribution in both heart and gut organs. Continued 
investigation is required to ascertain the developmental similarities and 
differences between heart and intestinal mesothelia. Importantly, these data 
provide novel evidence of the similar, yet distinct potential of mesothelial cell 
populations. Understanding the flexibility of intestinal mesothelial cells will allow 
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researchers and clinicians to develop targeted therapies for patients following 
injury.  
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CHAPTER V 
 
CONCLUSIONS AND FUTURE DIRECTIONS 
 
Conclusions 
 
 This dissertation provides a descriptive baseline for mesoderm derived 
tissue morphogenesis. My data focus on the mesodermal development in the 
small intestine and the plasticity of heart and gut mesothelial cell populations. 
The most important finding of this work is that mesothelial development in the 
heart and gut is fundamentally different, despite exhibiting similar cellular 
characteristics and differentiative capacities. Until now, researchers have 
regarded the heart as the gold standard for all mesothelial morphogenesis. 
However, my data provide evidence that the initial developmental processes of 
heart mesothelia are not conserved in the gut. The experiments described in the 
previous chapters focus on the development of the gut mesothelium and 
establish novel mechanisms that: reveal cellular location and association with 
neighboring tissues, the origin of the intestinal mesothelial cells, and the ability to 
form similar cell types in distinct organs (Figure 5.1 A-E). This work will enable 
the field to take new directions regarding the molecular and genetic programs 
regulating the development and function of mesothelia. 
 Chapter II of this dissertation established a detailed timeline of the 
mesodermal compartment development in the small intestine. These data  
	   152	  
 
	   153	  
Figure 5.1 Gut mesothelial cells originate from the splanchnic mesoderm 
and are plastic in multiple environments. A-D: Schematics representing 
normal developmental processes. A: Schematic of avian embryo at E16, cross-
section through developing gut tube region. At this stage, the gut tube is open. B: 
Cross-section through open gut tube reveals three compartments: Splanchnic 
mesoderm (red cells), a thin mesenchyme containing a few endothelial cells 
(green) and endoderm (yellow). Note two basements (black lines) are present; 
the endodermal basement membrane is continuous while the splanchnic 
mesodermal basement membrane is fragmented. C: As development proceeds, 
mesenchymal cells (gray cells) populate the mesenchymal (M) compartment. At 
these stages (HH17-28), splanchnic mesoderm is referred to as the outer 
epithelium (OE). Cells within this compartment shift towards a mesothelial 
phenotype (orange cells). The OE basement membrane presents dynamic 
phenotypes (transitioning between continuous and fragmented) as denoted by 
the dashed line. The endoderm is one layer of cells at this stage. D: Finally at 
HH29 (E6), a mesothelium (Mes, orange cells) is present. The mesenchyme (M) 
begins to organize: smooth muscle cells are present (red spindle-shaped cells), 
an endothelial plexus arranges into two layers (green cells), and stroma and 
fibroblasts (gray cells) are present throughout. Orange outlined cells represent 
mesothelial derivatives in the mesenchyme. The endoderm is pseudostratified. E: 
Observed contributions of intestinal mesothelium to the heart. Isolated quail gut 
mesothelium (pink) transplanted into the pericardial cavity of a chick host. Cross-
section through the chick heart after 14 days incubation reveals contribution of 
chick epicardial cells (outlined in orange) to heart cell types. Gut mesothelial cells 
(labeled in pink) incorporate into the epicardium, contribute fibroblasts to the 
myocardium, and smooth muscle cells to the blood vessels (outlined in pink). CC, 
coelomic cavity; DA, dorsal aorta; EC, endocardium; Ec, ectoderm; En, 
endoderm; EP, endothelial plexus; Epi, epicardium; H, head; He, heart; IM, 
intermediate mesoderm; M, mesenchyme; Mes, mesothelium; Myo, myocardium; 
nc, notochord; NT, neural tube; OE, outer epithelium; S, somite; SoM, somatic 
mesoderm; SpM, splanchnic mesoderm; SuEp, subepicardium. 
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revealed new concepts involving shifts in the architecture of the splanchnic 
mesoderm and basement membrane dynamics, both histologically observed in 
the intestine before and upon the development of a mesothelium. The gut 
primordium forms as a flat sheet of layered cells, and is composed of splanchnic 
mesoderm, endoderm and a thin open space between containing endothelial 
cells (Figure 5.1 A, B, Meier, 1980). Studies have investigated basement 
membranes of the intestine, but mainly focused on the endodermal basement 
membrane (Lefebvre et al., 1999; Simon-Assmann et al., 1995). Currently, few 
studies provide data that explore basement membrane dynamics, closure of the 
coelom, and changes in the outer epithelium. Additionally, it is unclear if 
mesenchymal cells proliferate early in intestinal development and if most 
originate from the splanchnic mesoderm. While both basement membranes in 
the intestine are important for distinguishing what we term the “intestinal 
compartments,” we focused on the outer epithelial basement membrane because 
of the numerous breakdown and solidification events (Figure 5.1 C). Two 
theories to describe compartment formation arose from these observations: first, 
the splanchnic mesoderm may be the source of cells in the mesenchymal space 
(also referred to as the “space of Zijlstra”), and second, basement membrane 
dynamics are linked to mesothelial formation. These data suggest possible EMT 
or mesenchymal-to-epithelial transitions (MET) between the splanchnic 
mesoderm and mesenchymal space early in compartment organization. Overall, 
the histological evidence from our studies established detailed changes in the 
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splanchnic mesoderm and outer epithelium of the intestine that may be spatially 
and temporally correlated to the development of the mesothelium.  
 Generally, individual components of intestinal development are studied 
independently versus investigating components in a spatial and temporal context. 
Most studies focus on endodermal development, nervous system formation or 
vascular organization, for example, but may not associate one event with the 
other. Recent reports have started to link these developmental processes in 
various intestinal layers (Mao et al., 2010; Nagy et al., 2009). Murine conditional 
gene targeting experiments demonstrated that Shh and Ihh expression overlap in 
the endoderm, where they signal to mesenchymal progenitors to proliferate, thus 
stimulating smooth muscle differentiation (Mao et al., 2010). In another study, 
Nagy and colleagues showed vascular cells are intimately involved with the 
organization, migration, and proliferation of enteric neurons (Nagy et al., 2009). 
These findings are significant, but whether other developmental processes occur 
concurrently remains unknown. Additionally, gut mesodermal development is 
understudied in the field, especially in the early embryo. My data address this 
gap, providing the developmental timeline of mesodermal development and 
correlating concurrent developmental processes in the intestine at various time 
points in the avian embryo. Highlighting one example, at E6, a pivotal time in 
intestinal development, a number of interesting events emerge: the gut tube 
closes, a mesothelium and organized endothelial plexus are present, and 
visceral muscle forms (Figure 5.1 D). Whether these events are interdependent 
is not clear and requires further investigation. My data provide a comprehensive 
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approach for visualizing and integrating mesodermal development in the context 
of spatiotemporal studies. 
 These findings regarding mesodermal development in the intestine led us 
to investigate the origin of the mesothelium (Chapter III). Previous work 
suggested the gut mesothelium arrived from ‘non-resident cells’ and that gut 
mesothelial cells shared the same capacity to migrate over the gut, just as 
epicardial cells migrate over the heart (Wilm et al., 2005). However, these studies 
did not provide the direct lineage tracing data to corroborate these claims. 
Therefore, the current work utilizes direct lineage tracing techniques to establish 
a completely different model: gut mesothelial cells develop from a local 
population of cells broadly distributed in the splanchnic mesoderm (Figure 5.1 C, 
D). Additionally, directly labeled cells revealed the lineage of splanchnic 
mesoderm-derived components including vascular smooth muscle cells, stromal 
cells, and a few visceral smooth muscle cells. For the first time, these data 
demonstrate that not all mesothelial cell populations arise in the same manner, 
supporting the notion that organ development differs between the pericardial and 
peritoneal cavities. 
 Based on previous data in the literature, I initially hypothesized that 
mesothelial cell populations were developmentally compatible between the heart 
and intestine. Before the work presented in this dissertation, the heart and 
intestine mesothelium appeared similar in form and function: simple squamous 
cells cover coelomic organs and some cells undergo EMT to contribute vascular 
cells to the organs. In Chapter IV, cell potential was tested by surgically 
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exchanging the embryonic heart and gut mesothelium. From these experiments, I 
expected all mesothelial cell types to incorporate and contribute vasculogenic 
and stromal cells in any coelomic organ. Unexpectedly, we observed differences 
in the mesothelial cell potential. The gut mesothelial cells migrated and 
incorporated into the endogenous epicardium and myocardium, contributed 
smooth muscle cells to major vessels, and fibroblasts and myofibroblasts to the 
myocardium when transplanted in the pericardial cavity (Figure 5.1 E). In contrast, 
epicardium transplanted into the peritoneal cavity did not produce similar cell 
types in the intestine, epicardial cells migrated into the organ but never lost 
epithelial markers. Few, if any, cells co-stained with other cell types in the gut, 
and no epicardial cells incorporated into the gut mesothelium. Adding more 
strength to the argument that epicardial and gut mesothelial cells possess 
different cellular capabilities, transplanted PE cells that only migrated into the gut 
grouped close to the organ surface, and retained epithelial characteristics. The 
preservation of cell polarity in PE cells could be due in part to defects in 
downregulation of junctional molecules, such as cadherins. Adhesive properties 
of mesothelial cells, especially PE cells, should be examined more closely, with a 
focus on the regulation of adherens junctions.  
Overall, heart mesothelial cell populations may appear similar to gut 
mesothelia, but when placed in an analogous coelomic cavity, heart mesothelial 
cells will not undergo the same differentiation processes. My findings raise 
questions concerning mesothelial cell specification in progenitor populations and 
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developed tissues. My data also suggests that organs may relay signals of 
attraction or repulsion to the transplanted tissue. 
  Collectively, data from this dissertation provide a new paradigm for 
mesothelial development. The major findings described in this dissertation 
include: 1) the developmental timing of mesoderm in the small intestine and the 
precise stage when a mesothelium is present, 2) intestinal mesothelial cells 
originate from resident cells in the splanchnic mesoderm, and 3) intestinal 
mesothelial cells possess plastic properties, in contrast to heart mesothelial cells 
which are limited in their cellular potential. We postulate that the differences 
between heart and gut mesothelium stem from the origin of the mesothelial 
tissue, even though the developed tissues appear histologically and functionally 
similar. In comparing the heart and gut mesothelial anlages, the PE develops 
exogenously to the heart, while gut mesothelium develops from the endogenous 
or local splanchnic mesoderm, inferring possible distinctive signaling in the 
induction of the two populations. If the mesothelial populations contain or 
respond to varying instructive cues, it is clear that the gut mesothelium 
possesses adaptable properties but the heart mesothelium does not. Because of 
the focus on the intestinal mesothelium, I anticipate these data will facilitate the 
innovative discovery of developmental processes and a better understanding 
how these cells function in the repair of adult tissues. 
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Future Directions 
 
  The results described in this dissertation establish the framework of 
spatiotemporal morphogenesis of the splanchnic mesoderm, mesenchyme, and 
mesothelium of the intestine during development with reference to 
vasculogenesis. With this foundational data in hand, future studies elucidating 
genetic, molecular, cellular, and mechanistic properties would be the next step to 
elaborate gut morphogenesis in the embryo. Based on my conclusions, major 
questions arise concerning mesodermal and mesothelial development: 1) which 
signaling molecules are involved in intestinal mesodermal and mesothelial 
morphogenesis? 2) What cell types do intestinal mesothelial and mesenchymal 
progenitors give rise to? 3) What are the genetic differences between the 
different mesothelial populations and ultimately progenitors? 4) Do adhesive 
properties play a role in mesothelial progenitor cell composition and potential? 
This section will outline proposed experiments to explore these questions. 
 The basement membranes defining the compartments of the intestine are 
established early in development and retained throughout adulthood. In order to 
better understand the dynamics, particularly of the outer epithelial basement 
membrane, signaling and cellular migration must be more closely investigated. 
The observation of basement membrane dispersal and solidification suggest a 
possible EMT event. To explore these dynamics in depth, expression patterns of 
candidate markers of EMT processes should be examined in the avian gut (i.e. 
TGFβ, BMP, Notch, FGF, EGF, Wnt, Snail) (Yang and Weinberg, 2008). 
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Additionally, matrix metalloprotease (MMP) activity during this process may also 
provide insight into EMT events, as these proteases are required prior to cellular 
dispersal (Duong and Erickson, 2004; Vu and Werb, 2000). Determining if 
common signaling factors are expressed between the splanchnic mesoderm and 
mesenchymal space may provide answers in addition to our data that splanchnic 
mesoderm contributes majority of the cells to the mesenchymal space.  
Once it is determined which signaling molecules are present during 
basement membrane dynamics and EMT processes, it will be possible to 
systematically evaluate each signaling molecule involved and study its function in 
relation to mesothelial and mesenchyme morphogenesis in the mammalian 
system. Mouse models have been employed to study epicardial requirement in 
the embryo. In these particular mutants, disruption of Wt1, VCAM-1, or α4-
integrin resulted in embryonic lethality, commonly due to defects in epicardial 
formation (Kwee et al., 1995; Moore et al., 1999) or lack of an epicardium (Yang 
et al., 1995). However, these reports did not assess intestine or intestinal 
mesothelial morphology. Since a mesothelium is present before embryonic death, 
analyzing the guts from these mutant animals may provide evidence of common 
genes involved in mesothelial development.  
 The cell populations of the mesenchymal space include a large variety of 
cell types, all required for proper intestinal function. However, the development of 
the early mesenchymal space in the intestinal primordial is particularly 
understudied. Studies investigating proliferation in the avian intestine confirmed 
consistent mitotically active mesenchymal cells at stages E5 and E12 throughout 
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the entire length of the intestine (Savin et al., 2011). This study did not 
investigate earlier stages, particularly the stages at which we observe 
modifications of the outer basement membrane. Creating a serial section library 
of stages before E5 up through E12 labeled with phospho-H3 antibody may 
easily determine if cells are proliferating more rapidly at particular stages prior to 
gut tube closure and mesenchymal expansion. It would be fascinating to observe 
levels of mitotic activity during the key time points, especially throughout 
transitions in the outer basement membrane and outer epithelium, to determine 
how or if mesenchymal expansion is associated with development of the 
intestinal mesothelium. 
The splanchnic mesoderm is comprised of resident cells that contribute 
the majority of the intestinal mesothelial cells (Chapter IV). However, we remain 
curious about the origin of mesenchymal cells, such as the source of visceral 
muscle cells. Cell culture experiments would determine cell potential in a 
controlled environment. To explore potential cell types derived from the 
mesoderm, isolated splanchnic mesoderm and endoderm could be cultured 
individually. Based on our hypothesis that the splanchnic mesoderm contributes 
cells to the mesenchyme, we would expect the splanchnic mesoderm cells to 
differentiate into mesothelial, endothelial, possibly muscle, and stromal cells. 
 We have substantial evidence that the heart and gut mesothelial cells 
develop under different developmental programs (Chapters III and IV). Thus, it is 
likely that the molecular processes involved in the formation of these two organs 
are varied. Identifying gene candidates that are distinct between these 
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populations and that participate in their formation is prerequisite to advancing the 
field. Microarray analysis is a useful tool to reveal expression patterns and 
regulation of molecules. This technique can be employed to identify similarities 
and discrepancies between (1) PE and epicardium and, (2) splanchnic 
mesoderm from the gut tube and intestinal mesothelial cells. RNA would be 
collected from these isolates, PE, epicardium and intestinal mesoderm from E8, 
E10, and E12 staged embryos. These tissues would be the starting point for this 
analysis since we have reported discrepancies between mesothelial cellular 
potential in vivo (Chapter IV). From these data, we can compare changes in gene 
expression between progenitor populations and each mesothelia, thus 
deciphering different expression profiles between heart and intestinal mesothelia. 
Eventually, this information would generate a framework of mesothelial 
development in the intestine that would lay groundwork for mechanistic 
understanding. Moreover, it may be possible to assess the similar genes 
expressed in all tissues to determine if candidate mesothelial-specific markers 
exist. This would provide innovative and useful information to all mesothelial 
organs. 
  Another understudied aspect of mesothelial development is cell adhesion 
properties. Our data demonstrated different cell characteristics between PE, 
epicardium and gut mesothelium when transplanted into analogous environments. 
Particularly, PE cells migrated into gut tube-derived organs then remained 
clustered. Epicardial cells migrated and scattered through the mesenchyme of 
the gut, but retained epithelial markers. In contrast, intestinal mesothelial cells 
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spread out when transplanted into any coelomic organ. Only a few studies have 
focused on the adhesive properties of mesothelial cells (Bax et al., 2011; Cross 
et al., 2011; Osler and Bader, 2004). Thus, it would be intriguing to explore 
epithelial adhesion proteins in the context to how these molecules are altered 
when mesothelial cells are isolated. First, I would identify and compare specific 
epithelial junctional proteins (such as occludins, cadherins, and integrins) in 
mesothelial progenitor and cell populations using antibody labeling. Next, to 
explore the properties of cell adhesion among mesothelial populations, I would 
employ hanging drop co-cultures (Krieg et al., 2008; Timmins et al., 2004). 
Essentially, individual cells from different populations are dissociated, labeled, 
and aggregated, then placed in suspended drops in culture. The organization of 
the cells is then analyzed using antibody labeling and confocal microscopy. 
Based on what we observe in the transplant experiments, I predict that PE cells 
will only group together, while epicardial and gut mesothelial cells may assemble 
with each other. These studies would provide further evidence of potential 
similarities or disparities among mesothelial cell populations. Additionally, a 
better understanding of adhesion properties among precursor mesothelial cells 
(PE) and fully formed mesothelium (epicardium, gut mesothelium) may provide 
insight into potential mechanisms that are involved in maintenance of the adult 
structure.   
 From exhaustive literature searches we found that the field is disjointed, in 
that researchers generally tend to focus on a particular aspect of gut 
development. Thus, we propose creating a website that will house all 
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developmental gut data. From our mesodermal studies (Chapter II), we not only 
established a comprehensive timeline of key intestinal developmental processes, 
but correlations between events at specific stages began to emerge. Providing 
such data to the field in the format of a website would allow for creative 
collaboration between gut laboratories. This website would be open access and 
accessible for contribution from any published or unpublished data. Labs within 
the Vanderbilt University community have created such sites for their field of 
biology. One such successful example is the Beta Cell Consortium which 
“facilitat[es] interdisciplinary collaborations to advance our understanding of 
pancreatic islet development and function” via this online resource (Consortium, 
2012). Designing, creating, and updating a gut development database would be 
a tremendous undertaking, but would ultimately provide a forum for gut 
researchers and provide useful information to biological, medical, and academic 
communities.  
 These future directions highlight several experiments that can be 
employed to understand general mesodermal development and more specifically 
mesothelial development. It is important to continue elucidating morphogenesis 
of these structures, and incorporate novel studies investigating molecular 
regulation in mesodermal development.  
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